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INTRODUCTION 
The ability of plant viruses to persist in the seed of 
their infected hosts has contributed significantly to the 
epiphytotic spread of a number of these pathogens. Because 
seed transmission provides a very effective route for 
long-distance dispersal, it is particularly important 
for those plant viruses which infect commercially valuable 
seeds. With the current emphasis on international exchange 
of seed and germplasm, the potential epidemiological sig­
nificance of seed as a disease reservoir has been even 
further magnified. Failure to establish the infection 
status of commercially distributed seed has unfortunately 
led to the introduction of many viral pathogens into iso­
lated geographic areas to the extent that they are now 
endemic. 
Provided that infected seed serves as their primary 
inoculum source, and plant disease tolerance and/or 
resistance is not readily available in currently grown 
genotypes, seed-borne viruses are most satisfactorily 
controlled through distribution of seed certified as 
virus-free. Certification, however, depends on the avail­
ability of reliable indexing methods for establishing the 
infection status of a seed lot. Despite its obvious 
importance, routine testing for seed-borne viruses is not 
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a common practice, primarily because the tests are laborious 
and time-consuming. 
The development of a rapid assay for detection of seed-
borne viruses was therefore undertaken to provide an alterna­
tive to present tests. The epidemiology of soybean mosaic 
virus (SMV) made it particularly suitable for use as a model 
system. The disease is rapidly assuming a position of world­
wide economic importance among soybean diseases, particularly 
since commercial cultivars resistant to most of the pathogenic 
variants of the virus are unavailable. SMV is now endemic 
to all the major soybean producing areas in the world, pri­
marily the result of introduction through infected seed. 
Because few alternate hosts exist, use of virus-free seed 
has been suggested as the most feasible measure for controlling 
this disease. Unfortunately, testing procedures for demon­
strating presence of SMV in seed are either unavailable or 
inadequate for detecting low levels of seed lot contamination 
with this virus. 
Although a variety of tests are available, serological 
procedures most adequately fulfill the basic requirements for 
seed-indexing while avoiding the need for manipulation of 
large numbers of plants. The nature of the immunological 
reaction affords a method of analysis with a high degree of 
sensitivity and specificity. The recently introduced 
immunosorbent assays, which use either isotopic- or enzyme-
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labelled reagents for quantitation of virus antigen, are among 
the most sensitive and specific serological tests available. 
In addition to their potential for standardization, these 
assays also possess the capability to detect and quantitate 
virus at all concentrations and in the presence of crude 
seed extracts. 
Utilizing the above characteristics and concepts, virus-
specific antibodies were labelled with either a radionuclide 
(^H) or an enzyme (alkaline phosphatase) and used to detect 
SMV in soybean seeds. Ultimately, these techniques may 
provide the basis for virus detection in other crops where 
seed-borne virus inoculum is important. 
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LITERATURE REVIEW 
Methods for Detection of Seed-borne 
Viruses 
The epidemiology of several plant viruses has been sig­
nificantly influenced by their ability to persist in and be 
transmitted through the seed of their infected hosts (17, 
222, 278). This property is especially important with viruses 
of annual herbaceous plants that have no perennial hosts 
since it assures survival of the virus for carryover and re-
establishment within a crop from one season to the next. 
Virus persistence in seed also provides the primary source of 
inoculum for disease spread by vectors. Although the per­
centage of seed carrying viable virus is generally low, 
planting infected seed assures a random distribution of pri­
mary inoculum foci in a crop which is optimally situated for 
subsequent secondary dispersion by insect vectors. When 
vector activity is efficient, even low seed transmission 
rates can lead to progressive disease development and conse­
quently, serious economic problems. 
One of the most obvious epidemiological consequences 
of seed transmission is the role seed has played in long 
distance dispersal of viruses. Distribution of infected seed 
through commercial channels has provided a very effective route 
for introducing and establishing new virus diseases in isolated 
geographic areas. This potential risk of importation of 
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infected seed lots further emphasizes the need for certifica­
tion of crop seed important in international trade. 
For those viruses where seed transmission is the primary 
inoculum reservoir, control of the disease is most satis­
factorily accomplished through production and use of virus-
free seed. This requires screening seed lots for the presence 
of virus and discarding lots containing significant levels of 
infected seed. Diagnosis, based on representative seed 
samples, however, is often difficult and generally inadequate 
for low level infections. Because of these problems, seed 
health testing as an integral part of the routine evaluation 
of the planting value of seed has been generally neglected 
(209). The even greater tendency to forego seed indexing 
for viruses is obviously due to the nature of the testing 
schemes involved. Techniques applicable to other seed-
borne pathogens such as bacteria and fungi are useless for 
virus detection. Furthermore, testing schemes that are used 
are tedious and time consuming, entailing planting and examina­
tion of large numbers of seedlings. In recognition of the 
epidemiological significance of seed transmission, efforts 
have been made to establish seed-indexing schemes for some 
of the more economically important plant viruses. Few of 
these, however, have been critically examined and fewer still 
have been adopted for routine use. The majority fail to 
satisfy many of the prerequisites recommended for a sensitive 
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and reliable indexing scheme (70) which includes; recognition 
and identification of the pathogen with ease and certainty; 
intra- and inter-assay reproducibility; correlation of test 
results with field performance of the seed; inexpensive, 
simple and rapid to perform; and the capacity to distinguish 
between disease-free, slightly infected or severely infected 
seed samples. Among the techniques that have shown value 
for seed testing are dry examination and a variety of tests 
based on biological, biophysical and biochemical parameters 
( 2 2 2 )  .  
Visual inspection of dry seed is probably the least 
useful for establishing the presence of virus in seed, 
since the relationship between seed abnormalities and seed 
infection is inconsistent. In some cases, however, it has 
been a helpful diagnostic aid. A positive correlation, for 
example, exists between seed infected with barley stripe 
mosaic virus and seed morphology (223) where infected and 
healthy seeds exhibit striking differences in texture, shape 
and size. 
The most direct, but also the most expensive and 
laboriously obtained evidence of seed-borne virus, is provided 
by biological assays which include growing-on and infectivity 
tests. Test seeds are either germinated and raised under 
controlled environmental conditions suitable for symptom 
expression or extracts from such seed are inoculated onto 
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highly susceptible cultivars. Although these tests have been 
used most frequently for establishing the infection status 
of a seed lot, they exhibit features which detract from 
their usefulness in routine certification schemes. The 
considerable time and space required make these assays 
impractical for screening large lots of commercial seed on 
a routine basis. Furthermore, the pronounced influences of 
environment, virus strain and host cultivar on symptom 
expression in such bioassays often complicate' diagnosis. 
In vitro assays, on the other hand, offer much more 
rapid alternatives for indexing. These tests depend on bio­
physical and biochemical properties of viruses and, as 
such, are more objective in their approach to virus detection. 
Electron microscopy, based upon the quick-dip method (10, 121), 
has reliably demonstrated the presence of some plant viruses 
in seed extracts (98, 266). However, the instrumentation and 
technical expertise required, as well as the limited number of 
samples that can be quickly processed, largely preclude its 
use in routine seed indexing. Other techniques such as gel 
electrophoresis (219) or ultraviolet absorption analysis 
(170), though useful with purified viruses, have shown only 
limited success for detection of virus in tissues. 
Despite numerous limitations, biochemical tests provide 
the most satisfactory alternatives for routine indexing 
schemes. Numerous attempts have been made to develop 
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differential staining procedures with sufficient selectivity to 
be diagnostically useful (4, 15, 169, 171, 193, 223, 263, 
294). Although rapid, these colorimetric assays are often 
unreliable and not necessarily specific since they detect 
accumulated by-products of virus infection rather than the 
virus itself. Also, their usefulness in seed indexing per se 
is limited by the nonreplicative nature of virus in seed 
tissue. 
Similar limitations occur with histological and cyto-
logical tests. Although tests of varying reliability have 
been described, they are generally adequate only to assess 
the level of degeneration of field stocks, not to screen 
seed material (123). Cytological analyses of some virus-
infected tissues have revealed the presence of virus-coded 
intracellular inclusions which are indicative of a particular 
infection (47) . At best, however, such tests identify the 
pathogen only to its group as exemplified by the demonstration 
of pinwheel and bundle inclusions in the cytoplasm of tissues 
infected with viruses belonging to the potato virus y group 
(76). The reliability of these tests for indexing depends 
on the frequency with which infected cells occur. In the 
absence of virus replication, as is the case in dormant seeds, 
such tests are useless. 
Among the best techniques available to assay seed lots 
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for the presence of virus-infected seeds are the highly 
specific serological tests (9, 18, 183, 325). Serodiagnosis 
exploits the ability of viral antigens to induce the formation 
of and specifically bind to antibodies. The nature of the 
immunological reaction thus affords a method of analysis that 
satisfies most of the prerequisites for seed indexing. 
Sensitivity and specificity are unsurpassed, and test results 
are usually available in a short time. Because of their 
adaptability, serological assays have found wide application 
as tools for diagnosing plant virus infections. Among the 
more popular assays is the gel diffusion test, modifications 
of which have been implemented in several commercial certifi­
cation schemes. Seed testing stations in Montana, for example, 
have adopted the filter paper disc-embryo gel diffusion pro­
cedure for routine health tests for barley stripe mosaic 
virus in barley embryos (32, 105) and seed (64). The simplicity 
of the assay allows several thousand tests to be completed 
daily. Radial immunodiffusion, a modification in which anti­
serum is directly incorporated into the agar base medium, 
is now accepted as a routine indexing technique in seed 
potato certification programs (278). Regardless of its 
popularity, gel diffusion may not always give satisfactory 
resolution. Furthermore, it is often necessary to clarify 
tissue extracts before testing to reduce spurious reactions. 
The rather low sensitivity level achieved with gel diffusion 
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tests remains a serious limitation since many viruses either 
do not reach sufficiently high concentrations in tissues to 
give satisfactory results (106) or do so only on a cyclical 
basis (90). An additional limitation requires that non-
isometric viruses be either chemically or physically dis­
rupted to degrade the particles to diffusable protein 
subunits before testing in immunodiffusion (33, 161, 233, 
283). The inherent problems of gel diffusion tests have thus 
stimulated interest in other serological techniques that can 
detect very small quantities of virus in crude extracts. 
These tests have included some of the more conventional 
assays such as passive hemagglutination (.2, 62, 265), latex 
agglutination (96), bentonite flocculation (25, 276), and 
complement fixation (96) . Poor sensitivity and nonspecificity, 
however, have been common problems with these assays. 
Recently introduced sérodiagnostic assays have resolved 
a number of the problems associated with the more conventional 
serological tests, such as unsuitable virus morphology, low 
virus concentration, or lack of quantitative potential. 
Serologically specific electron microscopy (SSEM) is one 
such technique that has recently generated some interest as a 
potential seed indexing tool (.28, 29, 69, 106). First 
described for quantitative assay of tobacco mosaic virus and 
potato virus Y in crude extracts of tobacco leaves (68), 
SSEM involves selective attachment of virus particles to 
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electron microscope grids coated with specific antiserum. 
SSEM has been used successfully to detect and identify virus 
particles in crude extracts of seeds infected with tobacco 
ringspot virus (TRSV), barley stripe mosaic virus (BSMV), 
lettuce mosaic virus (LMV) and soybean mosaic virus (SMV) 
(28, 29). Sensitivity of the assay, assessed by preparing 
mixtures of infected and healthy seeds, is such that one 
infected seed can be detected per 100 (for LMV) or 1000 
(for TRSV, BSMV and SMV) healthy seeds. The potential appli­
cation of SSEM for detecting pea seed-borne mosaic virus 
(PsbMV) in seed lots by bulk sampling has also been reported 
(106) . Composite samples containing 1 to 5 per cent seed 
infection were consistently found to contain virus by SSEM 
but not by immunodiffusion nor enzyme-linked immunosorbent 
assay (ELISA). Regardless of its reported sensitivity, 
SSEM may be unsatisfactory when virus particles are present 
in concentrations less than 10^/ml (16). A recent modification 
which involves precoating grids with protein A, a cell wall 
protein from Staphylococcus aureus (178), before coating 
them with specific antiserum, has been found to extend the 
limits of SSEM sensitivity for detection of plant viruses 
(279). The premise for use of protein A is its affinity 
for molecules of mammalian IgG (85). Two IgG molecules 
bind via the Fc region to one protein A molecule (286) . 
Therefore, when a grid is first coated with protein A, more 
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IgG molecules are bound to the grid than when only antiserum 
is used. These, in turn, bind more virus particles, and 
increase the sensitivity of detection. 
Within the last 20 years, a group of highly specific 
and sensitive immunobinding assays has been developed. Al­
though initially used in the field of endocrinology, their 
versatility has extended their usefulness to the area of 
detection and quantitation of pathogenic agents. Fundamental 
to these techniques is the exploitation of the structural 
specificity of antibodies and the sensitivity of detection 
implicit in the use of labels. Their success depends on the 
assumption that labels can be introduced into antigen or 
antibody molecules without disrupting their immunoreactivity. 
To this end, considerable effort has gone into assessing the 
usefulness of various labels and establishing conditions of 
labelling reactions that optimize specific activity and mini­
mize damage to the biological compound. 
Radioisotopes, the most commonly used labels, have been 
applied to the detection of a number of immunologically active 
biological substances. The high level of sensitivity achieved 
with isotopically labelled reagents results from amplification 
through radioactive decay. Iodine nuclides, specifically 
125 131 I and I, have been used most frequently for labelling 
since their activity is not easily quenched, iodinated com­
pounds are easily prepared and relatively stable, and specific 
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activities obtained are of a sufficient magnitude to allow 
use of the labelled reagents at very dilute concentrations. 
Unfortunately, the introduction of excess iodine into pro­
tein molecules may change their immunological properties, 
presumably by iodination of tyrosine residues in specific 
binding sites (136). In attempts to minimize protein de-
naturation, various iodination procedures have been devised, 
including the iodine monochloride method of McFarlane (184), 
the chloramine-T procedure of Hunter and Greenwood (12 8), and 
the lactoperoxidase technique of Marchalonis (181). The 
advantages and disadvantages of each of these labelling 
procedures have been reviewed by Thorell and Johansson (295) 
and Duvall (75). 
Other less frequently used isotopes have included 
(192, 214), (135) and (242, 249, 326, 331). Of 
these isotopes, has shown most promise as a useful 
alternate label in binding assays. A number of biological 
compounds, including immunoglobulin molecules, have been 
labelled with Generally, these have shown little or no 
loss of immunological activity (58, 145, 146, 150, 178, 202, 
240, 243, 249, 268, 337, 342). lacks most of the dis­
advantages associated with iodination of protein molecules. 
Its longer half-life makes it more suitable for labelling 
compounds that have to be stored for long periods. Further­
more, there is less chance of radiation damage to the molecule 
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since emits beta rather than gamma radiation. Retention 
of immunological and specific activities during storage of 
^H-labelled compounds thus allows batches of the same com­
pound to be used throughout an extended study. Its major 
disadvantage is the relatively low specific activity that can 
be achieved which limits its usefulness in binding assays. 
The use of radioisotopes as labels has given rise to the 
many forms of radioimmunoassay (RIA) (328), all of which are 
descendants of the classical radioimmunological system 
originally described by Yalow and Berson (333) for insulin 
assay. RIA methodology, in its conventional form, is based 
on the ability of antigen in a test sample to competitively 
inhibit binding of labelled antigen to a limiting number of 
antibody sites. Distribution of the tracer between the bound 
and free fractions provides an estimate of antigen concentra­
tion. Assays of this nature, however, in which all reagents 
are initially in a soluble form, must incorporate some method 
for separation of bound and free labelled reagent. Both 
immunological (30, 53, 83, 92, 145, 199, 216, 289) and 
nonimmunological (144, 149, 217, 321) techniques have proved 
useful in this respect. Although these liquid phase RIAs 
are sensitive, they are rather laborious to perform since they 
usually involve several centrifugation steps for complete 
separation of fractions. This has limited their practicality 
for routine diagnostic use. 
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RIA methodology was technically simplified with intro­
duction of the solid-phase or immunoradiometric assay 
system. In solid-phase RIA (SPRIA), antigen-antibody complexes 
are bound to a solid matrix through an immunological bridge. 
Unbound reactants, which remain in solution, are easily re­
moved by simply washing the solid-phase at the end of the 
reaction. The success of such an assay, of course, depends 
on the assumption that antibody or antigen molecules can be 
attached to the solid-phase support and still retain their 
immunological activity. Generation of such immunosorbents 
can be accomplished through either chemical covalent coupling 
of the reagent to the matrix (36, 38, 39, 54, 55, 73, 329) 
or through passive physical adsorption. The latter is based 
on the discovery of Leininger et al. (167) that proteins will 
adsorb nonspecifically to plastic surfaces. Mow used 
extensively in solid-phase systems, this phenomenon was first 
exploited by Catt and Tregear (40) in the development of a 
SPRIA for hormone analysis. Since its introduction, SPRIA 
has proved to be an exremely versatile technique with numerous 
variations possible. Any of several carriers are suitable, 
generally reflecting the preference of the investigator. 
Polystyrene, polypropylene and polyvinyl chloride plastics, 
as well as several insoluble polysaccharides, have been used 
as solid-phase matrices in the form of tubes (8, 9, 40, 172), 
filter paper disks and gels (36, 37, 38, 39, 310, 323), cover 
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slips (129), microtiter plates (138, 164, 232, 250) or beads 
(104, 139, 140, 141, 142, 143, 195, 204, 269, 270, 287, 338, 
339, 340). 
The nature of the assay, as well, is amenable to modifi­
cation (328), thus making it possible to apply SPRIA systems 
for the assay of many different biologically active substances. 
Possibly the most useful system for assay of antigens, in­
cluding plant viruses, is the double antibody sandwich tech­
nique. This is a direct SPRIA which requires interaction of 
three types of molecules: the antigen to be assayed, which 
must have at least two reactive sites available, the solid-phase 
antibody immunoadsorbent, and purified labelled antibody. 
The principle of this assay is based on selective trapping 
and immobilization of viral antigen in the test material 
by the solid-phase antibody. Recognition of the antigen 
by the bound antibody results in formation of the solid-phase 
antibody-antigen complex. Detection of this complex is 
accomplished by the addition of specific radioactively 
labelled antibody. The complete reaction terminates in 
formation of the sandwich complex with uptake of label 
directly correlated to the concentration of antigen in the 
test material. 
In spite of its proven diagnostic value with human and 
animal virus diseases, RIA has received only limited attention 
for plant virus assays even though labelled antibodies have 
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long proved useful in cytopathological studies with plant 
viruses. Stages of tobacco mosaic virus infection in tobacco 
tissue, for example, have been monitored with iodinated 
antibodies in conjunction with autoradiography (162, 163). 
35 S-labelled antibodies have also been used to detect the 
presence of potato virus X in potatoes (135, 231). Reports 
concerning use of RIA for plant viruses have, for the 
most part, involved biochemical and biophysical studies. 
Antigenic analysis and serological differentiation of several 
purified plant viruses have been accomplished with a SPRIA 
using antibody-coated plastic tubes (3), RIA, using double 
antibody techniques for separation of reactants, has also 
proved valuable in monitoring purification and quantitation 
of low levels (20 ng/ml) of cauliflower mosaic virus-
containing inclusion bodies (194) from turnip leaves. Similar 
procedures have also successfully detected turnip yellow 
mosaic virus in tissues (81) and pea enation mosaic virus 
replicative form RNA (229). Although not reported as an RIA 
procedure, Zaitlin (.337) used ^H-Fab fragments from anti-
TMV serum as radiochemical tags for the virus and suggested 
their use in detecting viral antigens in tissue homogenates. 
Powell and Schlegel (230), using solid-phase methodology, 
developed an assay for detection of squash mosaic virus in 
cantaloupe seed. When small pieces of seeds from healthy and 
125 infected seed lots were treated with I-labelled antibodies, 
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virus-infected seed samples could be distinguished from healthy 
samples, but only when the percentage of seed containing virus 
was substantial (15-25%). The method could not be used to 
predict the percentage of virus transmission in a seed lot, 
presumably because the assay detected nonviable viral antigen 
as well as virus. Recently, new interest has been generated 
in radioimmunological procedures for plant virus detection, 
primarily due to their greater capacity for heterologous 
detection of strains or serotypes within a virus group (94, 
125). An assay, given the acronym RISA, or radioimmunosorbent 
assay rather than RIA (94), was recently described for the 
detection of cauliflower mosaic virus (Cai-TV) and lettuce mosaic 
virus (LMV) at concentrations as low as 5 and 2 ng/ml, respec­
tively. The RISA procedure has further been used for the de­
tection of LIW in lettuce seed lots containing very low 
proportions of infected seeds. A similar assay was also 
reported for tomato ringspot virus in stone fruit trees 
(124).. The assay detected virus directly in cambium extracts 
of several fruits at efficiencies (97%) exceeding those 
observed with either mechanical transmission (12%) or ELISA 
(51%) tests. Savage (.272) developed a similar system, 
with a sensitivity level of 100 ng, for detection of the fungus 
Botrytis cinerea in homogenized grape tissue samples and for 
characterization of its epidemiology. Artificially produced 
infection levels representing 0.1% infected tissue mixed with 
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healthy tissue homogenates were easily distinguished from 
background reactions with this system. 
Although radiological assays for plant viruses have 
been limited, enzyme immunoassays have found wide applica­
tion in the field of plant pathology. The original 
technique, using enzyme labels for quantitation of antigens, 
evolved from the use of enzyme-labelled antigens and anti­
bodies in histochemistry and cytochemistry (206) and em­
ployed the basic methodology developed for conventional RIA. 
Early studies demonstrated that enzymes could replace iso­
topes in immunometric assays without loss of sensitivity or 
quantitative potential (73, 159, 198). Since enzyme-labelled 
conjugates retain enzymatic activity as well as immunological 
reactivity, they can be quantified by their ability to react 
with a suitable substrate. The catalytic properties of the 
enzyme label provide the basis for amplification and thus, 
the level of sensitivity possible. Though relatively few 
sites of antigen-antibody binding may occur in an immuno­
assay, these are amplified since each molecule of enzyme 
can catalyze the reaction of thousands of substrate mole­
cules . 
The development of solid-phase enzyme immunoassays, as 
they are currently used, was independently pioneered by 
van Weemen and Schuurs (309) and Engvall and Perlmann (80) 
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for quantitation of various hormones and immunoglobulins. 
The versatility of ELISA, an acronym coined by Engvall and 
Perlman (80) to describe the basic features of the assay, 
has extended its application to the serological diagnosis 
of numerous bacterial, mycotic, parasitic and viral diseases 
(19, 311, 312, 313, 314, 315, 316, 317, 318, 319, 332). The 
microplate ELISA, based on the double antibody sandwich 
method, was first introduced in a seroepidemiological study 
of malaria (320) and later adapted for diagnosis of plant 
virus diseases (313, 316). Detailed descriptions of the 
technique confirmed and further demonstrated its usefulness 
for detection of nanogram levels of several plant viruses in 
crude extracts (48) . Since that time, ELISA has found wide­
spread acceptance in the serological diagnosis of numerous 
plant disease agents including viruses, spiroplasmas and 
bacteria (Table 1). It has proved particularly useful in 
circumstances where pathogens are difficult to detect or 
where it is necessary to work with large numbers of samples 
as in seed indexing or field surveys. The suitability of 
ELISA for seed certification schemes is evident from the 
large number of seed-borne pathogens that have been success­
fully detected either in individual seeds or bulked seed 
samples. Among these pathogens are several bacteria (77, 
212, 324), fungi (205), and a number of viruses including 
prunus necrotic ringspot virus and prune dwarf virus 
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Table 1. Enzyme-linked immunosorbent assays for plant disease 
agents 
Agent Reference 
Alfalfa mosaic virus 182, 186, 190 
Apple chlorotic leafspot 
virus 48 
Apple mosaic virus 43, 49, 109 
Apple stem grooving virus 48 
Arabis mosaic virus 48, 50, 296, 313 
Barley stripe mosaic virus 175 
Barley yellow dwarf virus 174, 246, 247, 248 
Bean yellow mosaic virus 189, 190, 290 
Bean common mosaic virus 133, 134 
Carnation ringspot virus 125 
Chrysanthemum virus B 151, 152 
Citrus tristeza virus 12 
Clover yellow mosaic virus 189 
Clover yellow vein virus 186 
Cucumber mosaic virus 91, 182, 290 
Curly top virus 203 
Hop mosaic virus 35, 48, 296 
Lettuce mosaic virus 133, 134 
Maize chlorotic mottle virus 306 
Maize dwarf mosaic virus 127, 292 
Mai secco agent (fungus) 205 
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Table 1 (Continued) 
Agent Reference 
Necrotic ringspot virus 
Pea seed-borne mosaic virus 
Peach rosette mosaic virus 
Peanut stunt virus 
Pierce's disease bacterium 
Plum pox virus 
Potato latent virus 
Potato leafroll virus 
Potato virus S 
Potato virus X 
Potato virus Y 
Prune dwarf virus 
Prunus nectotic ringspot 
virus 
Prunus necrotic ringspot 
virus 
Pseudomonas sp. (bacterium) 
Raspberry ringspot virus 
Red clover vein mosaic virus 
Soybean mosaic virus 
Tobacco mosaic virus 
Tobacco rattle virus 
Tobacco ringspot virus 
200 
106 
237, 238 
186 
212 
48, 49, 50, 313 ' 
153 
34, 51 
151 
125, 151 
102, 151, 182 
35 
35 
35, 48, 296 
324 
48 
186 
22, 23, 24, 117, 173 
12, 13, 151, 182 
102 
102, 125, 173, 271 
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Table 1 (Continued) 
Agent Reference 
Tomato ringspot virus 57, 124 
White clover vein mosaic 
virus 186 
Xanthomonas (bacterium) 77 
(35, 296), soybean mosaic virus (117, 173), tobacco ringspot 
virus (102, 173, 271), pea seed-borne mosaic virus (106), 
barley stripe mosaic virus (.175) , bean common mosaic virus 
and lettuce mosaic virus (133, 134). 
As with SPRIA, ELISA depends on adsorption of anti­
bodies to hydrophobic surfaces. Once coated, the sensi­
tized carriers can be used to selectively bind antigen 
from test samples. The amount of bound antigen is then 
quantified indirectly by addition of specific antibody 
linked to an enzyme. Its activity can then be determined 
colorimetrically through qualitative visual ratings or quanti­
tative spectrophotometric readings. 
Countless variations of the basic procedure are possible 
with respect to nature of the assay, solid phase, method 
of labelling, enzyme and substrate (.19, 160, 312, 318, 332). 
Any of the solid phases used as carriers in SPRIA may also 
be used for ELISA. Disposable microtiter plates, however. 
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remain the most popular carrier, primarily because they 
facilitate convenient handling of large numbers of samples. 
Polystyrene beads have recently provided an attractive alterna­
tive as an easily manipulated solid phase for ELISA tests 
(72, 95, 122, 125, 140, 141, 142, 143, 195, 196, 201, 206, 
287, 291) . Many different enzymes can be used for conjugate 
preparation, providing they fulfill the following criteria 
(159, 312, 318, 332); 1) economical, 2) available in a 
highly purified form, 3) high specific activity or turn­
over rate, 4) substrate produces stable, soluble, easily 
measured products upon degradation, 5) absent from biological 
fluids and samples, 6) safe, 7) suitable for linkage to 
proteins with retention of activity. The only enzymes which 
have satisfied most of these criteria and which have been 
used extensively are alkaline phosphatase and horseradish 
peroxidase, both of which are generally coupled to anti­
bodies (or antigens) by glutaraldehyde cross-linking (6, 7). 
Though stable conjugates are easily prepared, characterization 
of the labelling procedure in terms of enzyme/protein ratio 
and absence of unlabelled reagents or free enzyme is 
generally lacking (.19) . Chromogenic substrates are usually 
chosen which are initially colorless but yield visible colored 
products upon degradation. Ortho-phenylene-diamine is most 
frequently used with peroxidase conjugates since it yields 
a strong orange colored product that is soluble and stable 
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in the dark. Unfortunately, it reputedly has mutagenic 
properties which may limit its suitability for general 
laboratory use. For alkaline phosphatase conjugates, para-
nitrophenyl phosophate is generally the substrate of choice 
since it is safe and gives a stable yellow product. Al­
though easily detected, substrates that yield visible 
products limit ELISA's sensitivity which is determined by 
the lowest concentration of visible product that can be 
detected colorimetrically. Several investigators have 
recently reported enhanced sensitivity by substituting 
substrates, such as methyl-umbelliferyl phosphate, which 
upon reaction with enzyme, yield fluorescent products that 
are detectable in picomolar quantities (156, 335). Since 
alkaline phosphatase has several fluorogenic substrates, 
ELISA can be easily adapted to ELFA or enzyme-linked 
fluorescent assay if greater sensitivity is required. 
Other more sensitive immunoassays have recently been 
described but their usefulness in plant pathology have yet 
to be demonstrated. These include the use of chemiluminescent 
labels as described by Simpson et al. (284) and Konishi et al. 
(156) and the ultrasensitive enzymatic immunoassay or USERIA 
(110) reported for the detection of cholera toxin and 
rotavirus. The latter technique utilizes a radioactive 
substrate for quantitation of specifically bound alkaline 
phosphatase conjugates used in conventional ELISA. Its 100-
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to 1000-fold greater sensitivity is thus achieved through 
both enzymatic amplification and measurement of products by 
radioactive methodology. 
The emergence of simple and reliable assay procedures 
far surpassing current techniques in sensitivity and versa­
tility for detection of plant pathogens is thus opening new 
research potential for certification of pathogen-free seed 
lots and control of infectious agents through selection of 
pathogen-free breeding stock. 
Soybean Mosaic Virus ; A Model System for 
Assay Development 
The trend toward large-scale monoculture of economically 
important seed crops has been accompanied by increased con­
cern with diseases that are potentially transmitted through 
the seed. This is particularly evident in the soybean seed 
production industry since soybeans are susceptible to a 
large number of pathogens, many of which are seed-borne 
(.222) . Soybean mosaic virus is one such pathogen that can 
be responsible for significant yield losses throughout major 
soybean producing areas. Since its first reported appearance 
in Connecticut (52), the disease has appeared in other 
states (93, 280, 282, 297) and is now apparently coexistent 
with soybean cultivation in the United States and world-wide 
(21, 43, 157, 158, 176, 207, 224, 225, 226, 234, 281, 2 8 2 ,  
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285, 322). Its wide geographic range is directly attributed 
to commercial distribution and planting of infected seed. 
The incidence of soybean mosaic throughout major soybean 
producing areas and the ease with which it is introduced 
into new areas emphasizes the need for suitable screening 
procedures, particularly for breeder's seed and commercial 
seed shipments. 
The agent, soybean mosaic virus (SITV) , is a flexuous 
rod RNA virus (115) which resembles other members of the 
potato virus Y group in particle morphology and size, modes 
of transmission and other biological and biophysical proper­
ties (26, 27, 89, 114, 115). The disease syndrome induced 
by the virus is rather varied (83, 120, 157, 234, 322) and 
dependent upon cultivar (157, 213), age of plants at the 
time of infection (258, 274), virus strain (108, 259, 261, 
293), and environmental factors such as temperature (41, 74, 
227, 257) and light (56, 260). Numerous biophysical and 
biochemical effects may accompany an infection with SMV, 
including reductions in seed germination (74, 112, 236, 258), 
nodulation and nitrogen fixation (228, 298, 300, 301, 303, 
304), and seed oil content (67), delayed maturity (67, 89), 
and changes in free amino acid (67, 103, 302), starch and 
lipid (.166, 210) concentrations. Most important, however, 
are the effects on seed quality (67, 74, 120, 147, 259) and 
quantity. A correlation, for example, has been observed 
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between the presence of SI-IV in seed and susceptibility to 
fungi, particularly Phomopsis species (112, 213, 262). This 
suggests that SMV may cause some hidden damage which pre­
disposes seed to fungal infections. Distortion, cracked 
testas, wrinkling, seed coat mottling and reduced seed size 
are other features commonly associated with infections. 
All of these tend to reduce seed quality and subject seed to 
downgrading at the elevator and in international commercial 
trade. Reduced seed size may also have an indirect effect 
on yield performance since small seeds tend to be hard and 
take up less water. Thus, they germinate slowly and seedling 
growth is retarded (213, 256, 258). 
The effects on seed quality are secondary only to the 
yield losses induced by SMV. Infected plants are not killed, 
but rather stressed; consequently, fewer seeds are set per 
pod. Yield reductions, ranging from 20 to as high as 90 
percent, are not uncommon (67, 112, 157, 235, 236, 256, 258, 
262), with actual loss depending on virus, host and vector 
relationships. Necrotic strains of SIW, however, are a 
particular threat to soybean production in the Orient 
since plants infected when young produce virtually no seed 
(43, 44, 45). This lethal effect is significant since 
cultivars such as Ogden and Marshall, which exhibit severe 
necrosis are supposed to be resistant to the more common 
strains of SMV (45). Even greater yield losses may occur in 
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the event of multiple infections involving SMV and other 
viruses such as bean pod mottle virus (166, 167, 236, 253, 
254, 258, 262, 273, 274), bean yellow mosaic virus (273, 
274), or tobacco ringspot virus (100). Since resistance 
to some of these viruses is not known (67, 256) , the need 
for control of SI4V becomes even more imperative. 
Although srw is transmitted by insects (1, 56, 88, 111, 
154, 157, 207, 282, 285) and mechanically (21, 89, 154, 
235), seed is the most important source of primary inoculum 
(21, 56, 66, 88, 89, 119, 147, 157, 207, 235, 236, 299, 
322). A few to 60 percent or more of the seed produced by a 
diseased plant may carry infectious virus in both the embryo 
and endosperm. The persistence of virus in dormant seed 
thus insures its seasonal carryover for reinitiation of the 
annual disease cycle. 
Although seed transmission provides a highly effective 
means of survival and establishment of SIW, planting of 
infected seed is, in itself, not sufficient to account for 
levels of infection seen in fields. Random secondary. 
spread of mosaic by insect vectors within a field from 
primary foci that have developed from infected seeds accounts 
for the significant levels of infection seen at the end of 
a season (119, 120). The greatest spread occurs just before 
bloom which is important since the greatest yield reduction 
and potential for virus transmission through seed occur when 
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plants are infected before bloom (119, 132, 258). At least 
20 aphid species have been reported as vectors of SMV (1, 
56, 154, 157) with transmission rates as high as 60 to 100 
percent. Myzus persicae, the most efficient of these vectors, 
can transmit SMV in as little as 20 seconds after probing 
an infected plant (180). During the 24 hours that the insect 
remains viruliferous (P. Berger and R. J. Zeyen, Department 
of Plant Pathology, University of Minnesota, personal communi­
cation), it may probe several plants, losing and reacquiring 
virus with successive probes. Because the virus is trans­
mitted by a nonpersistent mechanism, insecticides are of 
little use in control of SMV since transmission can occur 
long before the insect is killed. 
The narrow host range of SMV further emphasizes the 
importance of seed transmission as a source of primary 
inoculum. Among the 30 plant species that have been in­
fected, only two are not in the Leguminosae family (21, 
56, 88, 226, 234, 322). The few weed hosts of importance in 
soybean producing areas in the United States (235) are annuals 
and therefore, unlikely to serve as overwintering hosts for 
the virus. In South America, however, there is some concern 
over the susceptibility of Physalis lathyroides to SMV (226) . 
This plant is a potential forage crop in Brazil; conse­
quently, infection would provide continued dissemination and 
a permanent inoculum source of the virus for soybeans, as well 
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as limiting P. lathyroides production. 
In view of its epidemiology, the most feasible measure 
for control of SMV is through use of seed certified as virus-
free. This is particularly important since attempts to breed 
commercially important cultivars for resistance to a wide 
range of pathogenic variants of SMV have been unsuccessful 
(41, 120, 148, 157, 280). 
At present, certification of soybean seed lots guarantees 
only varietal purity and minimum contamination with weed 
seeds without implying freedom from disease (120). Tests 
for seed-borne viruses such as SIW are essential since their 
presence in seed tissues has implications for plant quarantine 
regulations. The availability of reliable indexing schemes 
should thus provide a major impetus for recommendation of 
effective control measures. 
Several methods have been reported for detection of 
SMV in soybean seeds and/or seedlings; however, a routine 
test for determining levels of seed infection remains un­
available . 
The earliest attempts to diagnose soybean mosaic were 
based on the increased frequency with which seed coat mottling 
occurred in seeds from infected plants (147, 157, 235). The 
suggestion that seed transmission could be reduced by either 
discarding mottled seed or at least establishing a limit for 
percent mottling above which a seed lot could not be used 
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for planting was based on the assumption that seed coat 
mottling is due exclusively to virus infection. Although 
virus may indeed modify expression of alleles for seed coat 
pigment (330), the correlation between mottling and seed 
transmission is inconsistent (53, 99, 116, 119, 157, 222, 
258, 260, 299). Mottled seeds may be produced by both 
infected and healthy plants with the incidence and severity 
of mottling dependent on genetic and environmental factors 
(71, 215). Some cultivars that do not transmit SMV through 
seed may, nevertheless, show very high levels of seed coat 
mottling (99, 228). Furthermore, infected plants may produce 
both mottled and nonmottled seeds, either of which may carry 
virus (116, 157, 222, 228). Unless prior knowledge of 
varietal response is available (116, 256), seed coat mottling 
is unreliable as an indicator of virus presence or as the 
basis for prediction of SMV prevalence in a field. 
If environmental conditions are rigidly controlled, 
seed-borne SMV can be detected quite readily through progeny 
tests. However, these are time-consuming and demand large 
areas of greenhouse bench space. In addition, they furnish 
an estimate of percent infection only among tested seeds that 
actually germinate. The use of highly susceptible cultivars 
or indicator hosts, such as Phaseolus vulgaris cv. Kentucky 
Wonder Pole Wax (259) or Glycine max cv. Bansei (228), reduces 
the number of seeds and time necessary for establishing SMV 
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presence in seed. In the detached leaf assay for SMV (197, 
234), whole seed extract is used to inoculate leaves of 
Phaseolus vulgaris cv. Topcrop which are placed on moist 
filter paper and observed for development of dark brown 
local lesions. This affords a semi-quantitative assay 
with a resolution of 0.1 pg virus/ml. Though reportedly 
more' sensitive than the microprecipitin test, indicator 
tests still lack the sensitivity necessary for detecting 
low levels of seed infection. In cases where virus content is 
low and variable, its reliability is questionable (J. H. 
Hill, Department of Plant Pathology, Seed and Weed Science, 
Iowa State University, personal communication,- 173) . 
Several options exist concerning serological methods 
for detection of SiW in seeds. These provide a convenient 
alternative to bioassays for estimating virus content in 
seeds. Several conventional assays including passive hemagglu­
tination (PHA), bentonite flocculation (BP), polystyrene 
latex agglutination (PSLA) and fluorescent antibody (FA) 
tests, have been screened for potential use in soybean seed 
certification schemes (222). Of these, PHA gave highly 
nonspecific reactions with seed extracts, presumably because 
of the high concentration of lectins which are hemagglutinins. 
Although BF and FA tests could distinguish infected and 
healthy seed extracts, the most promising results were 
obtained with antibody-coated polystyrene latex particles. 
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One infected seed in ten healthy, equivalent to a 10 percent 
seed transmission rate, was reliably detected with this 
technique. Though satisfactory for relatively heavily con­
taminated seed lots, these seroassays again lack the sensi­
tivity for detecting low levels of infection. 
With slight modifications of the procedure, SI-IV-
infected seed can also be detected by agar gel diffusion. 
Since SMV is a flexuous rod, it will not diffuse through an 
agar base without prior treatment to degrade it to smaller 
fragments. One modification presently used for routine 
diagnosis at the Iowa State University plant disease clinic 
in Ames, Iowa, involves chemically treating samples 
pyrrolidine (114, 119) before testing in radial immuno­
diffusion plates. In tests with seed extracts, Hill Zc.va 
State University, personal communication) found a pcsizive 
correlation between local lesion assays and gel diffusion, 
thus indicating that virus antigen is present in suffician-
quantity in seeds to detect using a relatively insensitive 
serological procedure. More recently, Lima and Purcifull 
(168) reported the successful use of SDS-immunodiffusion 
plates for detecting SÎW in soybean hypocotyls. Either 
extracts from bulked hypocotyls or small disks from individual 
hypocotyls embedded in the agar gave positive reactions. 
Infection levels established on the basis of serological 
data were similar to those obtained for the same seed lot 
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through progeny tests. With mixtures of infected and 
healthy hypocotyls, a 2 percent infection level could be 
readily detected. The features of this assay make it 
particularly suitable for commercial certification programs. 
The fact that disks are embedded directly into the antibody-
containing agar eliminates the need for tissue grinding, 
preparation of antigen wells and chemical treatment of antigen 
prior to its introduction into the plate; consequently, 50-60 
disks can be processed per hour. 
Even greater levels of sensitivity have been achieved 
with SSEM and ELISA procedures. Using antiserum-coated 
grids, Brlansky and Derrick (29) could easily detect one in­
fected soybean seed per thousand healthy seeds, the equivalent 
of a 0.1 percent transmission rate. Lima and Purcifull 
(168), however, obtained positive results only if the 
infection level was at least 2 percent. Regardless of the 
sensitivity of SSEM for demonstrating the presence of seed-
borne virus, the limitations imposed by the need for 
expensive equipment and skilled operators preclude its 
usefulness in routine diagnosis in small isolated seed 
laboratories. 
ELISA has recently become the method of choice for 
detection of SMV in crude seed extracts although its sensi­
tivity level (2-4 percent infection) is actually less than 
that found with SSEM. It has been used to analyze virus 
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location in different parts of a single seed (23, 24) and 
to detect SMV in individual and bulked seeds (22, 173). Its 
sensitivity is such that variable concentrations of virus 
are readily distinguished in seed by seed analyses. Its 
quantitative potential has allowed estimates of the 
incidence of SMV transmission through seed of soybean culti-
vars and germplasm lines from the USDA soybean germplasm 
collections (99). This is particularly important with the 
current emphasis on international exchange of germplasm. 
Although highly sensitive, ELISA procedures do have some 
limitations. The conjugation of enzyme to antibody can render 
zhe antibody highly strain specific for some viruses. This 
reduced avidity or binding of antibody in heterologous 
ays-cams .apparently results from some spatial impairment or 
-onforir.arional changes in the antibody combining sites 
brought: about by conjugation. Such specificity thus compli­
cates the usefulness of ELISA for diagnosis of virus infec­
tions in seeds where more than one variant of the virus may 
be present (61, 124, 151, 153, 174, 246, 248, 306) since a 
series of labelled conjugates must be prepared. For viruses 
which are difficult to purify in sufficient quantity to pro­
duce useful antisera, this poses a distinct disadvantage. 
With minor modifications, however, ELISA should remain a 
popular tool for plant virus disease diagnosis since it is 
simple in design and execution. 
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MATERIALS AND METHODS 
Sources of Virus and Antisera 
Soybean mosaic virus isolate 75-16-1 (SMV 75-16-1), 
purified from greenhouse infected Glycine max cv. 
Williams soybeans (114), was supplied by J. H. Hill 
(Dept. of Plant Pathology, Iowa State University) as the 
immunogen for preparation of antisera in New Zealand white 
rabbits. After collection of pre-immune sera, intramuscular 
immunizing doses of 2 mg purified virus in 0.05 M sodium 
borate, pH 8.2, emulsified 1:1 (v/v) with Freund's incom­
plete adjuvant, were administered at weekly intervals over a 
five week period. Serum was collected during the sixth week 
by cardiac puncture. Contaminating antibodies to antigenic 
host plant proteins were removed by cross-adsorption with 
lyophilized healthy Williams soybean tissue (191). The 
gamma globulin fraction was isolated from the crude serum by 
precipitation with (NH4)2S04 at a final concentration of one-
third saturation (31) and stored at 4C. Antibody titers were 
determined by microprecipitin assays (308) with dilutions of 
antibody and virus (initial concentration, 1 mg/ml), prepared, 
respectively, in 0.05 M sodium borate, pH 7.2, containing 
0.85% NaCl (BBS) and salt-free borate buffer (BB). 
Purified soybean mosaic virus strains G-1 (SMV G-1) and 
G-2 (SMV G-2) (45) and cowpea mosaic virus were obtained. 
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respectively, from L.-C. Chen and A. G. Smith (Dept. of 
Microbiology, Iowa State University). Additional purified 
plant viruses and sera used in this study, provided by J. H. 
Hill, included the following; maize dwarf mosaic virus, 
strain A (MDMV-A); southern bean mosaic virus (SBMV); 
tobacco mosaic virus (TMV); anti-SBMV, anti-TMV, anti-
pyrollidine-degraded SMV 75-16-1, alkaline-phosphatase-
conjugated anti-SMV IgG, and anti-healthy soybean antisera. 
Isolation and Characterization of 
Virus-Specific Antibody 
Anti-SMV 75-16-1 IgG was immunospecifically purified by 
a modification of McLaughlin's (185) acid-dissociation-
gradient centrifugation procedure for isolation of specific 
anti-bean pod mottle virus antibodies. Virus-specific IgG 
was precipitated from a 5 ml volume of hyperimmune serum 
gamma globulin by sequential addition of 2 mg increments of 
purified SMV 75-16-1. The immunoprecipitate formed during 
the 30 min, 37C incubation was collected by centrifugation 
at 10,400xg for 30 min at 4C, and the second aliquot of virus 
was added to the supernatant. This procedure was repeated 
until a total of 8 mg of virus had been added to the serum. 
The precipitates were resuspended in 0.05 M BBS, pooled and 
washed twice in the same buffer. The precipitate from the 
final wash was dispersed in 2.0 ml deionized distilled water 
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to yield a milky-white preparation. Dissociation of antibody 
from virus was effected by acidification to pH 3.0 with 
0.1 N HCl followed by overnight incubation at 20C. Dissociated 
reactants were separated by density gradient centrifugation. 
One ml volumes of the mixture were loaded onto linear sucrose 
density gradients prepared in deionized distilled water 
(adjusted to pH 3.0 with 1.0 N HCl) by layering 5, 9, 9, 9 
and 5 ml, respectively, of 5, 10, 20, 30 and 40% sucrose in 
2.5 X 8.9 cm centrifuge tubes. The gradients were allowed to 
equilibrate overnight at 4C. Loaded gradients were centri-
fuged 2.5 hr at 82,500xg, then fractionated using an ISCO 
Model D density gradient fractionator and UV analyzer attached 
to an external 5- inch strip chart recorder. One ml 
fractions were collected, dialyzed against BS or BBS, and 
analyzed spectrophotometrically for presence of protein. The 
association of intact virus particles with absorption peaks 
in the gradient profiles was established using transmission 
electron microscopy (TEM). Samples of each fraction were 
prepared for TEM on 200 mesh carbon-formvar coated copper 
grids and stained with 2% potassium phosphotungstic acid, 
pH 6.8. Specimens were examined for presence of virus 
particles with a Hitachi Model Hu IIC electron microscope, 
operating at an accelerating voltage of 75 Kv. The sero­
logical nature of each fraction was ascertained by either 
ring interface precipitin tests (9) or by immunodiffusion 
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in a medium containing 0.9% Noble agar (Difco) and 0.1% NaN^ 
in BBS. For the latter assay, aliquots of each fraction were 
treated with an equal volume of 5% pyrollidine in BB to 
degrade virus particles to diffusable protein subunits before 
testing for reaction with antiserum (titer 1:16) prepared 
against pyrollidine-degraded SIW (p-SMV) (114, 119). Un­
treated fractions were similarly tested for reaction with 
antiserum against healthy Williams soybean tissue (titer 
1:256) and with healthy host antigens prepared by grinding 
noninfected leaf tissue 1:1 (w/v) in BB and squeezing the 
homogenate through cheesecloth. Virus-reactive fractions 
were pooled and dialyzed against BBS overnight at 4C. After 
centrifuging (27,000xg, 25 min) to remove any insoluble 
material, antibody protein was concentrated by adding .66 
volume of saturated (,NH^)2S0^. The precipitate was collected 
by centrifugation (27,000xg, 25 min), resuspended to the 
original 5 ml volume in BB containing 1.4% NaCl and dialyzed 
against the same buffer. Immunoglobulin concentrations were 
0.1% 
estimated spectrophotometrically ^^280 nm ~ 1*4). Volumes 
containing approximately 5 mg of antibody protein were 
lyophilized and stored at -20C. 
Biophysical properties of immunospecifically purified 
antibody were assessed and compared with normal rabbit IgG 
(Sigma Chemical Co., St. Louis, Mo.) by SDS-gel electro­
phoresis using the procedure of Hill et al. (118) . Forty 
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to 60 ug aliquots of immunoglobulin protein were solubilized 
in 0.01 M sodium phosphate, pH7.2, containing 1% SDS and 
1% 2-mercaptoethanol, for 1 min in a boiling water bath, 
mixed with 1 drop glycerol and 1 drop 0.05% bromphenol blue, 
and applied to the tops of 8% polyacrylamide gels. Electro­
phoresis was carried out at 8 mA/gel until the tracking dye 
approached the opposite end of the gel. Gels were stained 
overnight in 0.05% (w/v) amido blue black in 15% (v/v) 
acetic acid - 50% (v/v) ethanol, then washed successively 
with 7% (v/v) acetic acid for 1 hr, 7% (v/v) acetic acid -
50% (v/v) ethanol until the protein bands became visible, and 
7% (v/v) acetic acid - 25% (v/v) ethanol until all background 
stain was removed. After destaining, gels were scanned at 
620 nm in a Gilford Model 2410-S linear transport coupled to 
a Beckman Model DU monochrometer. Relative electrophoretic 
mobilities were calculated by comparing migration distances 
of IgG samples to that of reduced carboxymethylated bovine 
serum albumin (118) incorporated into the system as an 
internal standard. 
The immunological nature and purity of the antibody were 
established on the basis of its reaction in gel immunodiffusion 
tests with goat anti-rabbit immunoglobulin (Kallestad 
Laboratories, Minneapolis, Mn.). Comparisons were made 
with normal rabbit IgG run simultaneously. 
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Tritium Labelling of IgG 
Anti-SMV IgG was labelled with tritium (^H) using modifi­
cation of the borohydride exchange reaction described by 
Rifkin et al. (243) . Lyophilized antibody was resuspended 
to its original volume in 0.05 M N-2-hydroxyethylpiperazine-
N»-2-ethanesulfonic acid (HEPES), pH 7.5, and incubated for 
30 min in a 37C water bath. Any insoluble material was 
removed by centrifugation at 12,00 0xg for 20 min at 4C. 
The labelling reaction was initiated by adding 0.01 M 
pyridoxal-5'-phosphate (PLP; A grade, Calbiochem-Behring 
Corp., La Jolla, Ca.) in HEPES to the immunoglobulin at a 
ratio of 6 umoles PLP per ^ mole IgG, assuming a molecular weight 
of 155,000 for the latter (equivalent to 4 yl PLP/mg IgG). 
Following a 30 min, 37C incubation, the reaction mixture was 
cooled for 15 min in an ice-salt water bath. One hundred 
mCi of NaB^H^ (lot 1078-378, specific activity (SA) 20 Ci/ 
mmole; lot 779, SA 10 Ci/mmole, Research Products Inter­
national Corp., Elk Grove Village, II.) at a molar 
ratio of at least 10:1 with respect to PLP, was added 
sequentially in four steps with a 5 min incubation at 0-4C 
following the first three additions and a 15 min incubation 
terminating the sequence. Any residual NaB^H^ was inactivated 
by the addition of excess 0.1 M PLP. The density of the 
reaction mixture was increased to 3% with 30% sucrose in BBS, 
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and unbound was removed from the sample by gel filtration on 
a 3x33 cm Sephadex G-25 column (void volume 66 ml) (Pharmacia, 
Piscataway, N.J.) equilibrated in BBS and presaturated with 
1% bovine serum albumin (BSA) in BBS. The sample was eluted 
from the column with BBS at a flow rate of approximately 
2 ml/min. The column effluent was fractionated and 
monitored at 280 nm with an ISCO fraction collector coupled 
to an ISCO UA-2 UV analyzer and recorder. Absorbance (Aggg) 
of each fraction was determined in a Beckman DB spectro­
photometer. Radioactivity was assessed by mixing 0.05 ml 
samples of individual fractions with 5 ml of Riafluor liquid 
scintillator (New England Nuclear, Boston, Ma.) and counting 
in a Beckman DPM-100 Liquid Scintillation System. With a 
isoset and a gain setting of 350, a counting efficiency of 
46.7% was achieved. Fractions constituting the labelled 
immunoglobulin protein peak were pooled, dispensed in 0.2 to 
0.5 ml volumes and stored at -20C. 
The percent of the total peak-associated covalently 
bound to antibody protein was established on the basis of 
acid-precipitable radioactivity. A 0.1 ml sample aliquot 
was mixed with 0.9 ml of 0.1% carrier BSA in BBS. After 
removal of 0.2 ml for counting, the remaining solution was 
precipitated with 3 volumes of cold 10% trichloroacetic acid 
(TCA) and incubated 30 min at 4C. The precipitate was 
pelleted by centrifuging and the supernatant assayed for free 
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as described above. The difference in the two counts 
provided a measure of protein-associated label. Specific 
activity of the labelled immunoglobulin was determined 
from its protein and radioactivity contents using the 
formula 
SA = (T/C)(P) 
where 
T = total cpm/ml labelled protein 
C = protein concentration in mg/ml 
3 P = fraction of H bound to the protein 
3 Characterization of H-anti-SMV IgG 
Assessment of tritiation damage to the immunoglobulin 
molecule involved comparison of its immunochemical and 
physical properties before and after labelling. Normal 
rabbit IgG and unlabelled and ^H-anti-SMV IgG precipitin 
patterns with goat anti-rabbit gamma globulin were analyzed 
in immunodiffusion tests for reactions of identity. The 
effect of incorporation on the immunological reactivity of 
the antibody with virus was established by comparing pre-
and post-labelling microprecipitin titers (IgG concentrations 
before and after labelling were 4.8 and .37 mg/ml, respectively) 
obtained with a constant 1 mg/ml concentration of virus. A mod­
ification of the radioimmuneprecipitation binding assay (RIP) 
described by Kalmakoff and Parkinson (145) was performed to verify 
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specificity of the antigen-antibody reaction and to deter­
mine the amount of labelled antibody immunologically precipi-
table by virus. For this assay, 5 or 15 yg ^H-anti-SMV 
IgG was incubated with varying amounts of SMV 75-16-1 in 
a total volume of 1 ml for 1 hr at 37C and then overnight 
at 4C. The reaction mixtures were then centrifuged at 
20,000xg for 20 min at 4C after which 0.2 ml fractions of 
the supernatants were counted. Virus-bound radioactivity 
was calculated from the formula: 
%T = (S^-S^/S^) X 100 
where 
%T = percent of total input activity bound by virus 
S. = cpm/.2mlof supernatant from tubes containing 
virus 
S = cpm/.2 ml of supernatant from control tube without 
^ virus 
Supernatant rather than precipitate was chosen for counting 
due to the very flocculant and labile nature of the latter. 
A competitive RIP binding assay was carried out to 
confirm the specific nature of the virus-antibody complex 
and consequently to eliminate the possibility that the 
observed reaction was due to nonspecific binding of the 
labelled immunoglobulin to the virus surface. Increasing 
amounts of unlabelled homologous or heterologous antibodies 
were incubated with constant saturating amounts of labelled 
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antibody (5 or 15 pg) and virus (5 or 20 ug) in a total 
volume of 1 ml as described previously. Sources of 
heterologous antibodies included antisera to tobacco mosaic 
virus (TMV) and southern bean mosaic virus (SBMV), both of 
which are serologically unrelated to SMV. Inhibition of 
the reaction between ^H-anti-SMV IgG and virus by unlabelled 
antibody was determined by comparing percent binding with 
maximum binding observed in the absence of competing un­
labelled antibody. 
Electrophoretic mobility and gel filtration behavior 
of ^H-IgG were analyzed for indication of denaturation as a 
result of introduction of into the antibody molecule. 
Polyacrylamide gel electrophoresis was performed as described 
earlier with the following modifications: 2-mercaptoethanol 
was omitted from all buffers, and gels were electrophoresed 
for a period of 3hrs. Gels containing normal rabbit IgG and 
unlabelled anti-SMV IgG were stained as outlined earlier for 
detection of protein bands. ^H-anti-SMV IgG gels were either 
stained or frozen at -70C and sliced into 1 mm sections before 
being placed into scintillation vials. Protein bands were 
eluted overnight at room temperature with 0.2 ml BBS after 
which 5 ml Riafluor was added to each vial for counting. 
Elution profiles of tritiated and unlabelled IgG 
from a Sephadex G25 column were obtained using the same 
conditions described for fractionating the tritiation 
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reaction mixture. 
Stability of Labelled Antibody 
with Storage 
The effect of prolonged storage of ^H-IgG at -20C in 
the absence of added protein stabilizers was determined by 
retention of immunological activity as assessed by RIP 
and loss of radioactivity through decay and exchange of 
with environmental hydrogen. 
Radioimmunoassay 
The bead enzyme-linked immunoassay (ELISA) described 
by Stiffler-Rosenberg and Fey (291) for staphylococcus 
enterotoxin was modified for use in a comparable solid-
phase radioimmunoassay (SPRIAi for detection of SMV. 
The antibody-sensitized solid-phase was prepared by 
adsorbing "frosted" polystyrene beads (3.4 mm in diameter; 
Precision Plastic Ball Co., Chicago, II.) in a solution 
of anti-SMV IgG diluted in 0.05 M sodium carbonate-
bicarbonate buffer, pH 9.6. Groups of 200 beads were 
routinely coated for 20 hr at room temperature by gentle 
rotation (30 rpm) in 20 ml of the protein solution. After 
sensitization, the coating solution was aspirated, and 
the beads were washed three times (1 ml/3-5 min wash) with 
0.02 M sodium-potassium phosphate buffer, pH 7.3, containing 
0.8% NaCl, 0.05% Tween 20, 2% polyvinyl pyrollidone (PVP, 
mol wt 40,000) and 0.2% ovalbumin (OVA) to remove 
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nonadsorbed or loosely bound IgG. Potentially unfilled protein 
binding sites on the bead surface were blocked by an addition­
al 1 hr incubation in the buffer. The coated beads were 
finally air-dried at room temperature without further rinsing 
and stored at 4C in capped plastic tubes. 
For assaying virus or plant tissue preparations, 
sensitized beads were dispensed individually into 12x75 
mm plastic tubes (Falcon Plastics, Division of Becton-
Dickinson and Co., Oxnard, Ca.) which had been precoated 
for 1 to 2 hr with 2% ovalbumin in PBS-Tween and rinsed 
three times with PBS-Tween. This pretreatment of the 
reaction vessels was necessary to prevent loss of virus and 
antibody reagents through nonspecific adsorption to the 
tube walls. Test samples (0.5 or 1.0 ml), diluted in either 
BB for leaf and seed tissues or in BB containing 0.5% 
sodium metaphosphate ((NaPOg)^^, Fisher Scientific Products, 
Cincinnati, Oh.) for purified virus, were incubated with the 
solid-phase antibody for 20 hr at 28C with gentle agitation. 
The samples were aspirated and the beads were washed as 
before to remove unbound antigen and transferred to clean 
precoated tubes. Two hundred yl of ^H-anti-SMV IgG, at a 
predetermined optimal concentration, in PBS-Tween-OVA, was 
added to each bead to detect the specific solid-phase 
antibody-antigen reaction. The reactants were gently 
agitated for 8 hr at 28C after which the assay was terminated 
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by aspiration of the labelled antibody. The beads were 
washed at PBS-Tween-PVP-OVA (3-5 min) and placed into 5 
ml of Riafluor for measuring the ^H-anti-SMV IgG that 
was bound to the sandwiched reactants on the bead 
surfaces. 
The specificity of the assay for SMV was determined 
by substituting six additional plant viruses for SMV 75-16-1 
and comparing their reactivity with that of the homologous 
system. These viruses included two strains G-1 and G-2 
of SMV; maize dwarf mosaic virus strain A, a member of the 
potyvirus group? and southern bean mosaic virus, cowpea 
mosaic virus and tobacco mosaic virus, all members of 
plant virus groups serologically unrelated to potyviruses. 
A further test for specificity involved a modification of 
the blocking procedure described by Kacaki et al. (137). A 
constant concentration (.50 yg/ml) of either unlabelled anti-
SMV IgG or normal rabbit IgG was incubated for 8 hr with 
the solid-phase antibody-virus sandwich complex. The beads 
were washed and then exposed to labelled antibody. A re­
duction in bound activity confirmed the specificity of the 
virus-antibody reaction. 
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Enzyme-linked Immunoassay (ELISA) 
ELISA tests were performed as outlined in the SPRIA 
protocol with appropriate modifications. ^H-IgG was 
replaced with alkaline-phosphatase labelled anti-SMV IgG, 
prepared according to the method described by McLaughlin 
and Barnett (186). Lyophilized antibody protein was re-
suspended to its original volume in deionized distilled 
water and dialyzed overnight against 0.02 M PBS pH 7.2. 
Approximately 2.5 mg of the protein was mixed with 1 ml of 
alkaline phosphatase (EC No. 3.1.3.1, Sigma Type VII, 
5 mg/ml in a crystalline suspension of 3.2 M (NH^jgSO^ 
solution, pH 7.0, containing 0.001 M MgClg and 0.0001 
M ZnClg, Sigma Chemical Co., St. Louis, Mo.) and dialyzed 
against several changes of PBS at 4C. Twenty-five percent 
glutaraldehyde (Sigma Chemical Co.) in aqueous solution, 
was then added to a final concentration of 0.2% to effect 
the coupling of enzyme and antibody protein. The mixture 
was incubated for 2 hr at room temperature with stirring, 
then dialyzed against several changes of PBS at 4C. In­
soluble material was removed by low speed centrifugation 
before storing the conjugate at 4C. 
After the final wash, beads were individually transferred 
to clean 12x72 mm glass tubes containing 1 ml of p-nitro-
phenyl phosphate (Sigma Chemical Co.) at a concentration 
of 1 mg/ml in 10% (v/v) diethanolamine buffer, pH 9.8, 
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containing 0.02% (w/v) sodium azide. The enzyme-substrate 
reaction was terminated after 30 min at 37C with 200 yl of 
3M NaOH. Accumulation of the soluble yellow p-nitrophenol 
reaction product provided a visible indirect measure of 
the amount of conjugate bound to each bead. Activity 
was quantitatively assessed as absorbance at 405 nm 
in a 1 cm quartz microcuvette using a Beckman DB spectro­
photometer. Unreacted substrate was used as the reference 
blank. 
For both SPRIA and ELISA, virus-specific activity was 
determined by comparing activity bound in the presence of 
virus or test sample to that bound nonspecifically by buffer 
or healthy tissue controls. 
Scanning Electron Microscopy 
Scanning electron microscopy (SEM)was used to obtain 
visible evidence that virus particles were bound to the 
solid-phase. Specimens for SEM examination were prepared 
by incubating antibody-coated beads overnight with either 
virus (5000 ng/ml) or buffer as described earlier. After 
washing, the beads were critically point dried using as 
the transitional fluid, coated with a thin layer of gold 
in a high vacuum evaporator and examined in a Jeol JSM-35 
scanning electron microscope. 
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Seed and Plant Tissue Sources for Assays 
Seeds harvested from greenhouse-grown soybean culti­
vars Amsoy '71, Carsoy and Williams, mechanically 
inoculated at the primary leaf stage with SMV 75-16-1, were 
used for the majority of the assays. Other seed sources 
included the 1978 and 1979 harvests from field-grown culti­
vars which had been inoculated at reproductive stages VI or 
R2, as identified by Fehr and Caviness (82), to determine the 
effect of time of inoculation on yield and rate of seed 
transmission (Hill, unpublished data). Seeds from these 
cultivars were assayed in an attempt to estimate virus content 
of seeds and subsequently assess cultivars for potential rates 
of seed transmission. Cultivars in this study included 
Hark, Williams, Beeson, Wayne, Calland, Clark '63, Hodgson, 
Corsoy, Cutler '71, Harcar, Woodworth, Amsoy '71, Marshall, 
Wells and Steele. The inoculum for both greenhouse and 
field-grown plants was prepared by grinding SMV-infected 
Williams soybeans, inoculated 3 weeks earlier, 1:1 (w/v) in 
0.05 M potassium phosphate, pH 7.2, squeezing through cheese­
cloth, and mixing the filtrate with 600-mesh Carborundum 
before application (field inoculation) or applying to 
Carborundum-dusted leaves (greenhouse inoculation). 
Leaf tissues assayed by SPRIA were collected from green­
house plants (cultivar Corsoy) grown from seeds exhibiting a 
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29% transmission rate for SMV as determined by visual 
examination of plants. 
Extraction of Samples for 
Serological Assay 
For batch extraction, lots of 100 seeds were soaked for 
several hours or overnight in 100 ml BB, then homogenized 
for 1 min at a setting of 6 in a Polytron Homogenizer Model 
PT 10-35 (Brinkmann Instruments, Inc., Westbury, N.Y.). 
Bulk extracts were squeezed through cheesecloth (final volume 
of filtrate was 136 ml), after which 1.0 ml aliquots were 
assayed for SMV by either SPRIA or ELISA. 
Half-seed assays were conducted to establish the 
relative range of virus content in seeds from infected 
lots. For these assays, Williams soybean seeds from a lot 
showing a seed transmission rate of approximately 54% 
(determined by visual inspection of plants grown from this 
seed in the greenhouse), were soaked in water, halved, and 
allowed to dry. One-half of each seed was powdered in a 
mortar and pestle and extracted overnight at 4C with 0.5 
ml of BB. An antibody-coated bead was added to each extract 
and the assay (SPRIA) was completed as described earlier. 
To establish the sensitivity level of the solid-
phase assay system for detecting infected seeds in seed 
lots, various numbers of the remaining halves from seeds 
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containing virus were mixed with 100 healthy seeds, 
homogenized in 100 ml of BB, and assayed as 1.0 ml sub-
samples. 
Leaf tissue was extracted by grinding lots of 6 mm 
discs punched from the leaves of individual plants in BB 
at a 1:10 (w/v) ratio. One lot from a plant was assayed 
for virus by SPRIA. The second lot from the same plant was 
mixed with an equal volume of 5% pyrollidine and assayed 
by gel immunodiffusion as described earlier. 
Aphid Testing 
Apterous adult green peach aphids, Myzus persicae, were 
fasted for 2-3 hrs and then given a 5-10 min acquisition 
access to detached SMV-infected Williams soybean leaves. 
Groups of 5, 25, 50 and 65 aphids were then triturated in 
0.5 ml BB + 0.5% (NaPOg)^^ and assayed for virus acquisition 
by SPRIA. Equal numbers of nonviruliferous aphids given 
access to healthy leaves were used as controls. 
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RESULTS 
Isolation of Virus-Specific Antibody 
Immunopurified antibody specific for SMV was prepared 
by reacting virus with the gamma globulin fraction (titer 
1:256 to 1:1024) from hyperimmune serum, dissociating the 
resulting immune complexes by acidification, and finally 
recovering the antibody by density gradient centrifugation. 
In preliminary tests, conditions described by McLaughlin 
et al. (191) for isolation of anti-southern bean mosaic 
virus antibody, were found to be unsuitable for the SMV 
system. SMV rapidly degraded to protein subunits and 
RNA at pH 2.5 to 2.7 as determined by loss of birefringence, 
density gradient centrifugation analysis and electron 
microscopy of negatively stained preparations. Analysis of 
these preparations on sucrose gradients (Figure lA) revealed 
a UV absorbing region near the top of the gradient which 
reacted with anti-pyrollidine SMV (p-SMV) and exhibited an 
absorption spectrum characteristic of protein (00280^^^260 
ratio = 1.5-1.6). Zones lower in the gradient were non-
reactive with p-SMV antiserum and gave absorption spectra 
typical of nucleic acid (OD^^^ 265-270, ODggg/ODggQ ratio = 
.87 - 1.0). No fractions reacted with antiserum prepared to 
healthy Williams soybean tissue (titer 1:256) or contained 
virus particles visible by electron microscopy. Attempts 
Figure 1. Absorption profiles of linear 5-40% sucrose 
density gradients prepared in distilled water, 
pH 3.0. (A) Profile of an SMV preparation 
adjusted to pH 2.5 before density gradient 
centrifugation. (B) Profile of an SMV prepara­
tion adjusted to pH 3.0 before density gradient 
centrifugation. (C) Separation of acid dis­
sociated SMV Ag and anti-SMV Ab. Arrows in 
(B) and (C) mark UV absorption peaks containing 
highly aggregated virus particles. Centrifuga­
tion was for 2.5 hr at 25,000 rpm in an SW27 
rotor. 
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to stabilize virus with formaldehyde fixation (86) were 
unsuccessful. Similar results were obtained with SMV 
adjusted to pH 3.0 and layered onto sucrose gradients pre­
pared in 0.85% NaCl at pH 3.0. Closer examination of 
virus integrity showed that SMV at pH 3.0 remained intact 
for as long as 1 week in the absence of salt. However, 
integrity of the acidified virus was lost within minutes 
following addition of 0.85% NaCl as indicated by loss of 
birefringence. This observation suggested the need to 
dissociate immune complexes in the absence of NaCl to prevent 
virus degradation. 
SMV adjusted to pH 3.0 and layered onto gradients 
prepared in distilled water at pH 3.0 maintained stability 
and exhibited no UV absorbing region at the top of the 
gradient (Figure IB). Two of the three regions midway down 
the gradients reacted with p-SMV antiserum, and all three 
contained virus particles when observed with the electron 
microscope. The majpr peak contained nonaggregated virus 
while the two minor peaks contained aggregated particles that 
often appeared rope-like. Each peak exhibited a UV spectrum 
characteristic of SMV. No other fractions contained virus 
particles or reacted with p-SMV antiserum. None of the 
fractions reacted with antiserum to healthy Williams soybean. 
Similar results were obtained when virus in 0.05 M borate 
buffer, pH 7.2, was centrifuged in gradients prepared in the 
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same buffer. 
Salt-free gradients and acidification to pH 3.0 were 
subsequently adapted for isolation of virus-specific anti­
body. Resuspension of the immunoprecipitate in water 
produced a milky white solution which, upon acidification, 
cleared and exhibited strong birefringence, indicating 
release of intact virus from the immune complexes. The 
use of water for resuspending the precipitate circumvented 
exposing the virus to NaCl and also facilitated complex 
dissociation. 
Immune complexes dissociated by overnight incubation 
at pH 3.0 and centrifuged through pH 3.0 sucrose gradients 
in distilled water yielded a UV absorbing region at the top 
of the gradient (Figure IC). After dialysis against BBS, 
and removal of a small amount of precipitate by centrifuga-
tion, this fraction reacted with SMV in microprecipitin 
tests and ring precipitin tests, and pyrrolidine-treated 
SMV in gel diffusion tests. However, no reaction occurred 
with p-SMV antiserum, antiserum to healthy Williams soybean, 
or healthy host antigen,and no virus particles were observed. 
These data suggest absence of viral protein contamination. 
This zone exhibited an absorption spectrum characteris­
tic of IgG with a maximum at 280 nm, a tryptophan shoulder 
at 290 nm and a 280/260 ratio of 1.47 (Figure 5A). The 
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protein was retained by an Amicon PM-10 filter indicating a 
molecular weight in excess of 10,000 daltons. The filtrate 
was completely devoid of antibody activity as determined by 
microprecipitin tests. 
Virus particles were observed in the two UV absorbing 
regions midway down the gradient. Each of these exhibited 
UV spectra similar to that observed with virus alone with 
an OD at 255-265 nm and a 280/260 ratio of .75 to .84. 
maximum 
Both peaks were consistently observed if virus integrity 
was maintained. These zones reacted with p-SMV antiserum 
but not with healthy host antigen or antiserum. The major 
zone contained nonaggregated particles; however, aggregation 
was prominent in the minor zones. 
Approximately 94% of the total serum and virus protein 
initially reacted was recovered from the gradients as esti­
mated by the Lowry test (.179) . 
The purified antibody fraction, concentrated by 
(,NH^)2S0^ precipitation, was resolubilized in BB containing 
1.4% NaCl. Titer of the isolated antibody reached 1:1024 
(undiluted IgG concentration 2.6 mg/ml) when tested against 
an antigen concentration of 0.5 mg purified SMV/ml in 
microprecipitin tests. Purified IgG was lyophilized in 
5 mg quantities, stored at -20C, and reconstituted up to 6 
months later with no reduction in titer. 
Analysis of SMV specific antibody by SDS-gel electro-
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phoresis (Figure 2) showed two major bands presumed to be 
the heavy (H) and light (L) chains of the antibody (277). 
Relative to bovine serum albumin, incorporated into the 
system as an internal standard, the two bands exhibited 
electrophoretic mobilities similar to those calculated for 
normal rabbit IgG (Table 2). 
Table 2. Relative electrophoretic mobilities^ (REM) of 
purified SMV antibody and normal rabbit IgG 
Antibody source Chain^ REM 
Anti-SMV antibody H 1.37 
L 2.25 
Normal rabbit IgG H 1.36 
L 2.27 
^Established with reference to an internal bovine serum 
albumin standard by the formula; Distance moved by sample/ 
Distance moved by BSA. 
= heavy chain; L = light chain. 
Minor bands preceding the H chains of anti-SMV antibody were 
interpreted to be dimer and trimer forms of the H chain on 
the basis of migration distances and presumed molecular 
weights. 
In gel diffusion tests, immunopurified SMV antibody was 
serologically identical with rabbit IgG as indicated by the 
fusion of precipitin lines when these samples were tested 
Figure 2. Electrophoretic analysis of anti-SMV antibody 
in 8% polyacrylamide gels containing 0.1% SDS. 
After electrophoresis at 8 inA/gel, gels were 
stained and scanned. Heavy and light chains of 
the antibody molecule are represented by H and 
L. Absorption peaks preceding the H chain are 
apparent dimer and trimer forms of this chain. 
The position of reduced carboxymethylated 
bovine serum albumin included in some gels is 
indicated fay the arrow. 
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against goat anti-rabbit immunoglobulin. 
Tritium Labelling of 
IgG 
SMV IgG was labelled with through reduction of a 
Schiff base formed between the free amino groups of the 
antibody protein and PLP. Results of three tritiations 
performed during one year are summarized in Table 3. 
Data show that a specific activity of at least 8 yCi/mg 
could be obtained. As labelling techniques were refined, 
greater specific activities were obtained. 
Table 3. Specific activity of ^H-anti-SMV IgG^ 
Number of 
tritiations 
Specific activity 
(yCi/mg) 
Mean + S.D. Range 
3 14.9 + 10 8.3-26.4 
*IgG was tritiated by the borohydride exchange reaction. 
Attempts to follow the reaction between antibody 
protein and PLP spectrophotometrically were unsuccessful 
(Figure 3). A Schiff base spectrum with a characteristic 
absorption peak at 415 nm (46, 65, 267) was never observed. 
However, reduction of the reaction mixture with NaB^H^ 
resulted in disappearance of the yellow color attributed to 
Figure 3. Absorbancy spectra of the borohydride 
exchange reaction. (A) anti-SMV IgG, (B) 
anti-SMV IgG + PLP after a 30 min reaction, 
(C) anti-SMV IgG + PLP + NafiSH^. 
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PLP (244) and of the absorption peak at 388 nm (58). This 
change in the spectrum was accompanied by the appearance of 
a peak at 326 nm which reportedly is characteristic of the 
reduced PLP complex e-aminophosphopyridoxyl-lysine (275, 
327). From these data, it would thus appear that the 
labelling reaction was proceeding as expected. 
3 3 Separation of free H from H-IgG was carried out on a 
Sephadex G-25 column. Of the total activity applied to the 
column, 3 to 4 percent was found associated with the 
peak identified as IgG (Figure 4). Sixty to 80 percent of 
the total protein applied to the column was recovered in the 
effluent. The elution profile, determined by counting 0.05 
ml of each fraction, was reproducible with an initial non­
radioactive discard fraction of 66 ml, a protein peak and 
two salt peaks. The latter were tentatively identified as 
forms of PLP. Only the first peak gave a typical protein 
absorption spectrum with an OD _ at 280 nm, a 280/260 
^ maximum 
ratio of 1.3 to 1.4 and a tryptophan shoulder at 290 nm 
(Figure 5A). Material from this peak reacted in precipitin 
ring tests with purified SMV at a concentration of 1 mg/ml 
and was 90% or higher TCA precipitable. The two salt peaks 
both exhibited OD . at 295 nm and 388 nm (Figure 5B), riiâx.xrnâ 
typical of PLP (305) and were nonreactive in ring tests 
with SMV. Less than 50% of the activity associated with 
these two peaks was precipitable with TCA, suggesting 
Figure 4. Separation of ^H-anti-SMV IgG from 3H by 
Sephadex G-25 gel filtration chromotography. 
Column was equilibrated with BBS and pre-
saturated with BSA. Aliquots of each fraction 
were assayed spectrophotometrically for protein 
and counted for 3h content. 
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Figure 5. Absorbancy spectra of peak fractions from 
Sephadex G-25 column. (A) Spectrum of pro­
tein peak characteristic of ^H-anti-SMV 
IgG. (B) Spectrum of salt peak characteris­
tic of PLP. 
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their nonprotein nature. 
Characterization of ^H-anti-SMV IgG 
Comparison of anti-SMG IgG before and after labelling 
revealed little, if any, change in its immunochemical and 
physical properties resulting from tritiation. A reaction 
of identity was obtained in gel diffusion for ^H-anti-SMV 
IgG, unlabelled anti-SMV IgG and normal rabbit IgG when 
tested against goat anti-rabbit gamma globulin, suggesting 
negligible tritiation damage. Only one precipitin band 
was obtained for immunopurified IgG. Titers of the labelled 
and unlabelled antibodies were comparable when adjustments 
were made for concentration differences. 
Immunoreactivity and specificity of the labelled IgG 
for SMV was further verified by analysis of its binding 
to a dilution series of the virus. Radioimmuneprecipitation 
(RIP), which depends on the immunological precipitation of 
radioactivity rather than formation of visible aggregates, 
was used to demonstrate the specificity of the reaction. 
When a constant amount of ^H-anti-SMV IgG was reacted with 
varying amounts of SMV, a saturation curve was obtained with 
55 to 65% binding of total radioactivity (Figure 6A). The 
fact that as much as half of the total labelled IgG present 
could be bound by virus under the conditions used indicates 
retention of immunological activity. The binding of 
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radioactivity appeared to be virus-specific since increasing 
amounts of unlabelled homologous antibody competitively 
inhibited the binding of labelled antibody (Figure 6B). 
Unlabelled heterologous antibody, either anti-TMV or anti-
SBMV, on the other hand, had little effect. 
Electrophoretic analysis of labelled and unlabelled 
IgG (Figure 7) gave no indication of denaturation which 
would most likely be manifested by altered mobility or 
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aggregation at the origin. H-anti-SMV IgG possessed an 
electrophoretic mobility identical with that of untreated 
protein. There was direct correspondence between the 
distribution of radioactivity and the stained protein band, 
with approximately 88% of the total activity applied to the 
gel associated with the protein band. 
Similar elution profiles were obtained for normal 
rabbit IgG and ^H-anti-SMV IgG. Both eluted in the first 
peak after the void volume with the tritiated sample coin­
ciding closely with the native peak. 
Stability of Labelled Antibody 
with Storage 
^H-anti-SMV IgG stored frozen for approximately one 
year showed no loss in immunological reactivity when tested 
by radioimmuneprecipitation. Approximately 58% of the 
radioactivity was lost, 5% attributed to decay and the 
Figure 6. Radioimmuneprecipitation of ^H-anti-SMV IgG 
by virus. (A) Homologous binding of ^H-anti-
SMV IgG by SMV. The reaction mixture contained 
5 or 15 Mg of labelled antibody with increasing 
amounts of virus in a total volume of 1 ml. 
B) Specificity of the binding reaction between 
H-anti-SMV IgG and SMV. Each assay contained 
5 or 15 /Jig of labelled antibody and 5 or 20 ^ g 
of SMV to which increasing amounts of unlabelled 
homologous (•) or heterologous (anti-TMV O; 
anti-SBMV A) antibody were added. Results are 
expressed as percent of total input radioactivity 
bound by the virus. 
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Figure 7. Electrophoretic analysis of labelled and un-
labelled anti-SMV IgG in 8% polyacrylamide gels 
containing 0.1% SDS. After electrophoresis at 
8 itiA/gel for 3 hr, gels were either stained 
or sliced into 1 itim fractions and tested for 
radioactivity. (A) Distribution of radioactivity 
associated with electrophoretic migration of 
^H-anti-SMV IgG. (B) Absorbancy profile of 
anti-SMV IgG gel stained for protein. (C) 
Absorbancy profile of normal rabbit IgG gel 
stained for protein. 
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remainder apparently due to exchange with environmental 
hydrogen. 
Standardization of SPRIA 
The performance of any immunologic assay demands strict 
standardization of all reagents and procedures used, with­
out which comparison of interassay results would be diffi­
cult. Accordingly, a series of preliminary experiments 
were carried out to define the optimal conditions under 
which SPRIA would be best suited for detection of SMV. 
Adsorption of Antibody to 
Beads 
Frosted polystyrene beads, 3.4 mm in diameter, were 
selected as the solid phase support for development of a 
direct sandwich solid-phase RIA. These beads were 
extremely uniform with an average weight of 0.0174 gm + 
.0005 gm. They proved to be an easily manipulated carrier. 
Kinetics of Adsorption 
The rate of antibody binding to the solid phase was 
investigated by using ^H-anti-SMV IgG diluted in 0.05 M 
sodium carbonate-bicarbonate buffer, pH 9.6, to contain 
100 yg of protein per ml. Beads were gently rotated in the 
protein solution for various time intervals at 28C and then 
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washed 3 times (1 ml/wash; 3-5 min/wash) with PBS-Tween-
PVP-OVA. Radioactivity bound during each time interval 
was determined by counting each bead in 5 ml of Riafluor. 
The binding kinetics are presented in Figure 8. At a con­
centration of 10 yg of protein available per bead, only 1% 
(or approximately 0.1 yg) of the input activity was bound 
during a 16 hour adsorption period. However, 40% of the 
total protein bound (0.1 yg) was adsorbed during the first 
30 minutes and 63% in the first hour. After 3 hours, 96% 
of the total protein bound was adsorbed. The data suggest 
that saturation of available binding sites on the poly­
styrene occurs rather rapidly. 
The nonspecific and competitive nature of protein ad­
sorption to the beads was demonstrated by the ability of 
unlabelled IgG to reduce binding of ^H-IgG. Incubation 
of a bead with 10 or 33 yg of IgG prior to addition of 
^H-IgG (10 yg) reduced binding of the latter by 64 and 
81%, respectively. Apparently, the number of sites on the 
bead surface potentially available for protein adsorption 
are limited. 
Figure 3. Kinetics of binding of labelled IgG to poly­
styrene beads as measured by retention of 
radioactivity. 
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Development of the Assay 
Having established that anti-SMV IgG will satisfactorily 
adsorb to polystyrene beads, a series of experiments vas. 
devised to establish and optimize an immunoassay that 
would effectively detect SMV in seed and leaf extracts as 
well as in purified preparations. A modification of the 
bead ELISA described by Stiffler-Rosenberg and Fey (291) 
for staphylococcus enterotoxin was selected for development 
of a comparable solid-phase direct sandwich RIA. 
Reduction of Nonspecific 
Binding 
A common problem associated with solid-phase immuno­
assays is the nonspecific adsorption of reactants, particu­
larly labelled ones, to unfilled sites on the carrier. Such 
nonspecific reactions can easily obscure differences in 
specific binding or contribute to false positive readings. 
Preliminary experiments suggested that this phenomenon would 
be a major problem. To circumvent this, various buffer 
additives were tested for their effectiveness as nonspecific 
blocking agents (20, 48, 60, 73, 84, 126, 155, 208, 241, 
245). Tween-20 (0.05%, Sigma Chemical Co., St. Louis, Mo.) 
was incorporated into the PBS buffer base since its wetting 
properties reduce postcoating adsorption of proteins (312). 
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Beads were incubated in a 100 yg/ml solution of anti-SMV IgG 
diluted in 0.05 M sodium carbonate-bicarbonate buffer, pH 
9.6, such that 10 yg of protein were available per bead. 
After 20 hours at room temperature, beads were washed 3 
times with either PBS-Tween or PBS-Tween containing one or 
a combination of the following additives and incubated an 
additional hour in the respective buffer: 0.2% (w/v) 
ovalbumin (OVA, Sigma); 2.0% (w/v) polyvinylpyrollidone 
P-40 (PVP, molecular weight 40,000, Sigma); 0.2% (w/v) 
bovine serum albumin (BSA, Sigma); 0.2% (w/v) gelatin 
(Difco Laboratories, Detroit, Mich.); 0.2% (v/v) normal 
rabbit serum (NRS); or 0.2% (v/v) fetal calf serum (PCS, 
Gray Industries, Fort Lauderdale, Fl.). The protein 
solution was aspirated and replaced with 1 yg ^H-anti-
SMV IgG in 0.2 ml PBS-Tween-OVA buffer. After a 4 hour 
incubation at room temperature, beads were washed with 
PBS-Tween-PVP-OVA buffer and counted to determine the 
percent nonspecifically bound input label (Table 4). 
For all buffer additives tested, less than 1% of the 
total input activity was nonspecifically bound to the anti-
body-coated carrier. However, inclusion of protein into 
the PBS-Tween buffer base did result in a significant re­
duction (56%) in nonspecific binding. 
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Table 4. Prevention of nonspecific binding of ^H-anti-
SMV IgG to antibody-coated polystyrene beads 
Reagent added to beads^ % B/T^ 
PBS + 0.05% Tween 20 0.9 
PBS +0.05% Tween 20 + 0.2% OVA 0.55 
PBS +0.05% Tween 20 + 2.0% PVP 0.41 
PBS +0.05% Tween 20 + 2.0% PVP + 0.2% OVA 0.40 
PBS +0.05% Tween 20 + 0.2% BSA 0.41 
PBS + 0.05% Tween 20 + 0.2% gelatin 0.41 
jPBS + 0.05% Tween 20 + 0.2% NRS 0.47 
PBS + 0. 05% Tween 20 + 0.2% PCS 0.46 
Polystyrene beads were immersed in IgG for 20 hr, 
washed 3x and incubated an additional 1 hr in buffer, then 
exposed to 1 ug of ^H-IgG for 4 hr. 
^cpm bound -r total input counts x 100. 
Determination of Optimal Conditions 
for Sensitizing Polystyrene Beads 
with Antibody 
To determine the effect of various concentrations of 
antibody on specific binding of virus, beads were adsorbed 
in solutions of anti-SMV IgG in 0.05 M carbonate-bicarbonate 
buffer, pH 9.6, that varied in protein content. After an 
overnight incubation at room temperature, the beads were 
washed 3 times, incubated 1 hour in PBS-Tween-PVP-OVA buffer. 
85 
and allowed to react with purified SMV for 20 hours at 
room temperature. Bound virus was then detected with 1 pg 
of ^H-anti-SMV IgG during an 8 hour room temperature incu­
bation. The results (Figure 9) indicate that the initial 
concentration of the coating solution determines the amount 
of antibody bound to a bead, at least until saturation of 
potential binding sites on the polystyrene surface is 
achieved. Levelling off of binding at higher concentrations 
of antibody (Figure 9B) suggests that the beads are ap­
proaching saturation. Comparable binding reactions were 
achieved with coating concentrations of 50 and 100 yg/ml while 
a 10 ug/ml solution resulted in slightly lower binding 
activity. Because earlier studies had indicated that non­
specific as well as specific binding increases with in­
creasing coating concentration, an antibody concentration 
of 50 yg/ml (or 10 pg protein/bead) was selected for routine 
assay. 
All coating times tested were found to provide satis­
factory binding activity (Figure 10). Although available 
binding sites on the polystyrene become saturated during 
a 1 hour adsorption period, an overnight adsorption (20 
hours) was chosen for routine use as a matter of convenience. 
Buffer salt composition of the coating diluent or 
pH (7.2, 7.3, 9.6) had little effect on the assay for SMV 
(Figure 11). Similar binding activities were observed when 
Figure 9. Effect of protein concentration on adsorption of anti-SMV IgG on 
polystyrene beads. Beads adsorbed at each IgG concentration were 
incubated with SMV and ^n-anti-SMV IgG. (A) and (B) represent 
different presentations of the same data. (A) 10 IgG/ml 
50 ^ g IgG/ml (-#—*—); 100 ;ug IgG/ml (-0-0—) . (B) 250 
ng SMV/ral (—D—a—) ; 500 ng SMV/ml (—»—) ; 1000 ng SMV/ml 
(—O—0~) ; 5000 ng SMV/ml (—#—•—) ; buffer blank ( ) . 
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Figure 10. Effect of coating antibody incubation time on 
SPRIA. Beads were incubated in a 50 fxq/ml 
solution of IgG for 1, 4.5 or 20 hr, washed, 
then added to 0 (—#—#—) , 50 (—» # ) or 500 
(—o—0—) ng/ml solutions of SMV in 0.05 M 
borate, pH 7.2, containing 0.5% (NaPOg)!], 
for 20 hr. Bound virus was detected with 
1 g of 3H-anti-SMV IgG during an 8 hr 
incubation. 
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Figure 11. Effect of pH and buffer composition on 
adsorption of IgG to polystyrene beads. 
Beads were coated overnight in anti-SMV 
IgG diluted to 50 /.(.g/ml in 0.05 M carbonate-
bicarbonate buffer, pH 9.6, 0.05 M borate 
buffer, pH 7.2, containing 0.85% NaCl or 
0.02 M phosphate buffer, pH 7.3, containing 
0.85% NaCl, washed, and incubated overnight 
with 0 (—O—Q —) , 50 ( # # ) , 500 (—O' "'0*~~) 1 
and 5000 (_*—*_ ) ng/ml of purified SMV. 
Bound virus was detected during an 8 hr 
incubation with 1 yU.g H-anti-SMV IgG. 
Cpm X 10"2 
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beads were coated with IgG optimally diluted in 0.05 M 
carbonate-bicarbonate buffer, pH 9.6, 0.05 M borate 
buffer, pH 7.2, containing 0.85% NaCl, or 0.02 M phosphate 
buffer, pH 7.3, containing 0.85% NaCl. 
After sensitizing with antibody, the polystyrene 
beads could be dried and stored at 4C for at least 3 months 
with no significant change in binding activity (Table 5). 
This obviously eliminates the necessity for and possible 
variation attributed to daily preparation. 
Table 5. Effect of storage of solid phase on binding 
activity 
Days storage cpm bound^ 
99 696 
94 779 
36 918 
17 980 
7 769 
3 790 
Batches of beads were coated overnight in 50 ug/ml 
solutions of anti-SIW IgG, washed, air^dried, and stored in 
capped tubes at 4C. Binding activity of beads prepared 
over a 3 month period was assayed with a 500 ng/ml solution 
of SMV diluted in 0.05 M borate, pH 7.2, containing 0.5% 
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Kinetics of Antigen Binding to Antibody-sensitized 
Polystyrene Beads 
The effects of temperature and incubation time on 
binding of viral antigen to immobilized antibody were 
investigated to insure the maximal level of sensitivity. 
Accordingly, beads sensitized with an optimal concentration 
of IgG (10 yg/bead) were incubated with a constant amount 
of SMV (1000 ng/ml) at various temperatures for 1, 2, 4 
or 20 hours. Room temperature incubation was routinely 
carried out on a platform shaker. After washing, bound 
virus was detected with 1 pg of ^H-anti-SMV IgG during a 
4 hour incubation at room temperature. The results 
(Figure 12) indicate that binding activity is markedly 
dependent on incubation conditions. Of the temperatures 
tested (4C, 28C or room temperature, 37C), maximum binding 
activity was achieved at room temperature (Figure 12B). 
This optimum may, however, reflect the fact that beads 
incubated with samples at room temperature were continuously 
agitated, whereas the 4C and 37C incubations were stationary. 
At each of the 3 temperatures, incubation of the sensitized 
beads with virus for 20 hours resulted in substantially 
higher binding activities (Figure 12A). Longer incubation 
periods were not tested. A 20 hour incubation at room 
temperature with continual shaking was therefore selected 
Figure 12. Effect of incubation temperature and time of 
antibody-coated polystyrene beads with SMV. 
Data are plotted to illustrate time and 
temperature maxima. (A) 4C incubation (-*—*—) ; 
room temperature or 28C incubation with con­
tinual shaking (—o—o—) ; 37C incubation (-#—*—) ; 
buffer control ( ) . (B) 1 hr incubation 
(-#—#—) ; 2 hr incubation (—q—o—) ; 4 hr 
incubation (—*—m—) ? 20 hr incubation (—a—o—) ? 
buffer control ( ) . A constant amount of 
SMV (1000 ng/ml) was incubated with sensitized 
beads at various temperatures and for various 
times. Bound virus was detected during a 
constant 4 hr second incubation at room 
temperature with 3H-anti-SMV IgG. 
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for routine incubation of test samples with sensitized 
beads. 
Effect of Antigen Diluent 
Numerous problems with virus aggregation, and conse­
quently, quantitation, were encountered throughout develop­
ment of the assay. Early tests were performed with SMV 
diluted in 0.02 M sodium-potassium phosphate buffer, 
pH 7.3, containing 0.85% NaCl and 0.05% Tween-20 (PBS-
Tween). However, depending on the virus preparation, this 
buffer frequently caused spontaneous precipitation of the 
virus and consequently, erratic or significantly reduced 
binding. In one study, a 5-fold reduction in binding 
activity occurred with virus stored for 1 week in PBS-
Tween. Addition of 2% PVP alone or in combination with 
0.2% ovalbumin decreased binding even further. The detri­
mental effect of PVP on SMV had been observed earlier in 
immunological tests where spontaneous virus aggregation 
occurred in PVP-containing diluents. Erratic binding 
activity also occurred with 0.05 M borate buffer, pH 7.2, 
as antigen diluent. Dilution of infected seed extract in 
borate, however, resulted in acceptable binding as did 
dilution of purified virus in borate buffer extracts of 
healthy seeds. Furthermore, virus added to seed extracts 
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was stable for at least 3 weeks since no appreciable loss 
in binding activity was observed. These data suggested 
that, if erratic binding were due to virus aggregation, 
it could perhaps be circumvented with a suitable diluent. 
Therefore, a series of buffer additives were tested for 
their efficacy in reducing virus aggregation. SMV was 
added to the respective buffers, homogenized 1 minute in 
the Brinkman polytron homogenizer, diluted in the same 
buffer and assayed by SPRIA. As shown in Table 6, the 
highest binding activity was obtained with SMV diluted in 
either healthy seed extracts, healthy seed extracts con­
taining 0.5% (NaPOg)^^, or borate containing 0.5% (NaPOg)^^. 
With all other buffer additives, specific binding was erratic 
and greatly reduced. Because nonspecific binding (0 ng 
SMV/ml) was high with seeds extracted in borate containing 
(NaPOg)^] but not with seeds extracted in borate alone, 
it was necessary to omit (NaPO^X^^ from the extraction 
buffer for seeds. However, for all purified virus 
studies, (NaPO^). 2^3 was included in the diluent at a final 
concentration of 0.5%. Apparently, (NaPOg)^^ fulfills 
the role of some seed constituent that helps reduce virus 
aggregation. 
Table 6. Effect of borate buffer additives on binding activity of purified SMV 
Virus concentration (ng/ml) 
Buffer 5825 2913 
cpm 
1457 
bound^ 
728 0 
.05 M borate, pH 7.2 164 83 218 58 42 
+ 0.05% soybean oil 79 68 792 46 42 
+ 0.05% soybean oil + 2% PVP 117 135 102 68 37 
+0.5% Triton X-100 117 258 87 63 43 
+ 0.5% sodium dodecyl sulfate 46 43 39 44 38 
+ 0.5% Nonidet P-40 251 136 179 118 44 
+ 0.5% (NaPO])^] 3151 2379 2146 1105 38 
Healthy seed extract (1:10 w/v in borate) 2977 2707 1771 1698 53 
+ 2% PVP 510 544 215 89 65 
+ 0.5% (NaPOg)^] 2580 1836 2084 1597 145 
^Activity bound using standard assay conditions. 
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Determination of Optimal Concentration 
of ^H-anti-SMV IgG 
Solid-phase immunoassays are highly sensitive to 
variations in concentration of labelled antibody. An opti­
mal concentration is essential for minimizing nonspecific 
reactions since an excess may result in unacceptably high 
background binding to control beads. This was determined 
by titration against a constant virus concentration. 
Beads sensitized with IgG (10 ug/bead) were prepared as 
described previously and incubated with either 1000 or 
0 ng/ml of SMV. After washing, the beads were reacted 
with various concentrations of ^H-anti-SMV IgG for 8 
hours at room temperature. Nonspecific and virus-specific 
binding activities for each concentration of labelled 
antibody were determined (Figure 13). The amount of activity 
bound in both the presence and absence of virus increased 
as the amount of labelled antibody increased until satura­
tion was reached. The ratio of activity bound in the 
presence and absence of virus, however, reached a maximum 
at protein concentrations of either 1 or 5 yg, depending 
upon the labelled preparation. 
Figure 13. Effect of concentration of H-anti-SMV IgG 
on binding activity in SPRIA for SMV. Beads 
were coated in IgG overnight, washed, and 
reacted with either 1000 or 0 ng/ml of SMV. 
Various concentrations of ^H-anti-SMV IgG 
in PBS-Tween-OVA buffer were added for 8 
hours. Binding activities in the presence 
(-0-0-) and absence (-# # ) of SMV were 
determined as well as the ratio of activities 
(-0-D-). 
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Kinetics of Binding of Labelled Antibody 
to Solid-phase Bound Virus 
The effects of temperature and time of incubation of 
the solid-phase with labelled antibody were studied to 
assure maximal binding (Figure 14). For these studies, 
constant coating (10 yg/bead), virus (1000 ng/ml), and 
labelled antibody (1 vig) concentrations were used. Beads 
were incubated with virus for 20 hours at room tempera­
ture, washed, and reacted with ^H-anti-SMV IgG for various 
times ranging from 30 minutes to 20 hours at 4C, room 
temperature (2 8C) with gentle agitation, or 37C. Com­
parable binding activities were obtained for room tempera­
ture and 37C incubations at each time interval tested while 
a 4C incubation gave slightly lower binding activity (Figure 
14B). Binding increased linearly during the first 2 to 4 
hours of incubation and then tended to level off, ap­
parently as antigenic sites were filled (Figure 14A). 
Although a 20 hour incubation gave slightly greater binding 
at all test temperatures, it was not significantly greater 
than binding obtained during an 8 hour incubation, 
particularly at room temperature and 37C. An 8 hour room 
temperature incubation with gentle shaking was subse­
quently adopted to allow the secondary reaction to be 
completed within a working day. 
Figure 14. Effect of incubation temperature and time 
of virus-reacted beads with ^H-anti-SMV 
IgG. Data are plotted to illustrate time 
and temperature maxima. (A) 4C incubation 
(—^—#—) ; room temperature or 28C incubation 
with continual shaking (—o—O—) ; 37C incuba­
tion (—•—#—) ; buffer control ( ) . 
(B) 30 min incubation ; 4 hr incuba­
tion (—o—0-—) ; 8 hr incubation (—m—m—4 ; 20 
hr incubation (—•—a-—) ; buffer control 
( ). A constant amount of SMV (1000 
ng/ml) was incubated with sensitized beads for 
20 hr at room temperature. Bound virus was 
detected by incubating beads with 1 /ig 3H-anti-
SMV IgG for variable times at variable tempera­
tures. 
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Effect of Final Washing 
Adequate washing of the solid-phase is essential in 
removing traces of reactants, particularly labelled ones, 
that may cause nonspecific reactions. It is particularly 
critical following the secondary incubation with labelled 
antibody. To investigate the efficiency of washing in 
removing unbound or loosely bound antibody, replicate 
IgG-coated beads were incubated 8 hours with ^H-anti-SMV 
IgG before washing 0, 1, 2 or 3 times with PBS-Tween-PVP-
OVA and counting bound activity (Figure 15). Less than 
0.5% of the total radioactivity in the incubation medium 
was nonspecifically bound indicating successful blocking 
of potential unfilled protein binding sites. After 1 
wash, this was reduced to approximately 0.36%. Further 
washes had no additional effects. Similar results were 
obtained with beads that had been incubated with virus 
before addition of labelled antibody. 
The results of these initial studies on defining 
optimal assay parameters culminated in adaptation of 
the assay protocol represented in Figure 16. 
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Figure 15. Effect of washing on removal of nonspecifically 
bound labelled antibody from beads. Beads 
were adsorbed with IgG, reacted for 8 hours 
with 1 yg (^J500 cpm) of ^H-anti-SMV IgG, 
and washed from 0 to 3 times with 1 ml volumes 
of PBS-Tween-PVP-OVA, 
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1. Polystyrene beads adsorbed on 
rotator overnight at room 
temperature in optimal concen­
tration of anti-SMV IgG diluted 
in 0.05 M carbonate-bicarbonate 
buffer, pH 9.6 
Protein solution aspirated. 
Beads washed 3 times with 1 
ml volumes of PBS-Tween-PVP-
OVA to remove unbound or 
loosely bound IgG 
3. Beads incubated 1 hour at 
room temperature in PBS-
Tween-PVP-OVA to block un­
filled protein binding 
sites 
Figure 16. Schematic representation of the double antibody 
sandwich solid-phase radioimmunoassay for 
detecting and quantitating SMV antigen 
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4. Beads incubated 20 hours at 
room temperature with gentle 
agitation with test samples 
(1 bead/1 ml sample). Anti­
gen in sample captured by 
anti-SMV IgG adsorbed to 
beads 
5. Samples aspirated. Beads 
washed 3 times with 1 ml 
volumes of PBS-Tween-PVP-
OVA to remove unbound anti­
gen 
6. Beads incubated 8 hours at 
room temperature with gentle i 
agitation with optimal concen- 3^ 
tration of ^n-anti-SMV IgG 
(.0.2 ml) diluted in PBS-Tween-  ^
OVA. Captured antigen recog-
nized by labelled antibody 
Figure 16 (Continued) 
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7. Protein solution aspirated. 
Beads washed 3 times with 
1 ml volumes of PBS-Tween-
PVP-OVA to removed unbound 
labelled antibody 
8. Beads transferred to 
5 ml scintillation 
cocktail and counted 
9. Counts bound versus 
virus concentration 
plotted to obtain 
standard curve. Virus 
in test samples quanti 
tated from standard 
curve 
K 
o 
Concentration 
Figure 16 (Concluded) 
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Sensitivity and Specificity of SPRIA in 
Detecting SMV 
Under optimal assay conditions purified SMV was 
titrated when diluted in buffer or healthy Williams seed 
extracts prepared in BB. In typical experiments, SMV was 
detected to levels of approximately 25 to 50 ng/ml (Figure 
17). The relationship between virus concentration and 
cpm bound was generally stoichiometric between 250 and 1000 
ng/ml. Binding curves relating virus concentration and 
bound activity were very similar for purified virus in 
buffer and virus added to healthy seed extracts (Figure 18). 
The fact that sensitivity was not impaired by addition of 
seed extract suggested that valid comparisons of virus con­
centration could be made between standard virus preparations 
and virus in extracts. 
When SMV G-1 and G-2 were substituted for SMV 75-16-1, 
binding curves comparable to that obtained with the 
homologous system were observed (Figure 19). Broad strain 
specificity suggests usefulness of the assay for field 
studies where several strains may be encountered. Maize 
dwarf mosaic virus strain A, although a member of the 
potyvirus group, failed to evoke an increase in cpm bound 
above background levels, even at concentrations as high as 
5000 ng/ml. Similar results were obtained with southern 
bean mosaic, cowpea mosaic and tobacco mosaic viruses. 
Figure 17. Relationship between concentration of purified 
SMV and cpm bound in SPRIA. Background values 
for buffer were negligible (dotted line). 
112 
-n—I—t-1-11-1—i-rn 
5 50 500 5000 
ng virus/ml 
Figure 18. Relationship between concentration of purified 
SMV in buffer or in extracts of healthy 
Williams soybean seeds prepared in buffer (-0—0—) 
and cpm bound in SPRIA, Values for buffer and 
healthy seed controls were negligible (dotted 
line). 
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Figure 19. Comparison of binding curves obtained with 
SMV 75-16-1 (m m), SMV G-1 ( # #) and SMV 
G-2 (-0—0-). IgG used for coating and labelling 
was isolated from anti-SMV 75-16-1 antiserum. 
Cpm bound in the presence of MDIW-A, CPIW, 
SBMC and TÎW at all concentrations were 
negligible and comparable to background buffer 
controls (dotted line). 
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Specificity of the assay was further confirmed with a 
neutralization or blocking test. Reaction of virus bound 
by the solid-phase antibody with ^H-anti-SMV IgG could be 
blocked by incubating the beads with unlabelled anti-SMV 
IgG prior to addition of the labelled antibody. Reduction 
of bound activity ranged from 50 to 90% with virus samples. 
Equivalent concentrations of normal rabbit IgG had no effect. 
Reproducibility of SPRIA 
Day-to-day variations in performance of the assay were 
evaluated by comparing test results obtained with purified 
virus over a 3 month period. Results of 13 assays are 
presented in Table 7. 
Table 7. Evaluation of inter-assay reproducibility of 
SPRIA for SMV 
Virus concentration Mean + standard deviation^ 
ng/ml cpm bound 
5000 2228 + 509 
1000 1140 + 183 
500 810 + 133 
250 459 + 107 
100 226 + 48 
50 108 + 33 
25 62 + 16 
0 34 + 6 
^Mean of 13 assays. 
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Variations in cpm bound for each concentration of virus 
were consistently within 95% confidence limits during the 
testing period. 
To determine intra-assay reproducibility, 5 parallel 
determinations were run on the same sample. The mean cpm 
for a 500 ng/ml concentration of Sl/tV was 962 + 158. Again, 
the experimental values fell within the 95% confidence 
limits. For a 100 ng/ml concentration (X = 225 + 12 cpm), 
experimental values were within 99% confidence limits. 
Enzyme-linked Immunosorbent 
Assay 
When the same conditions defined as optimal for SPRIA 
were used in an ELISA for SMV, essentially identical 
binding curves were obtained. With purified virus, ELISA 
was slightly • more , sensitive than SPRIA .(5 to 10 ng SZW' 
compared to 25 ng). A positive correlation (r = 0.96 for 
purified SIîV and r = 0.84 for seeds) was obtained between 
the two assays, indicating that they are essentially equiva­
lent . 
Scanning Electron Microscopy 
The attachment and distribution of virus particles on 
the antibody-coated beads were examined by SEM. The surface 
of the polystyrene beads was very uneven and rough (Figure 20). 
Figure 20. Appearance of polystyrene beads used as the 
solid-phase carrier in SPRIA. (A) Macroscopic 
appearance. Division =1 mm. Scanning 
electron micrograph of polystyrene beads 
coated with IgG and reacted with either SMV (B) 
or buffer (C). Virus particles are discernible 
as rods (arrows) attached to the rough surface 
of the beads. Bar = 1 p. Accelerating voltage = 
25 Kv. 
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This provided increased surface area for antibody adsorption 
and consequently, virus attachment. 
SMV appeared as rod-shaped structures approximately 
720 nm in length (Figure 20B). These structures were not 
detected on control balls (Figure 20C). Virus particles 
were randomly distributed over the rough surface and 
frequently appeared clustered, particularly in grooves. It 
is possible that attachment sites in grooves offer better 
protection for the virus particles from mechanical forces 
encountered during washing and handling of the beads through­
out the assay. 
Comparison of SPRIA, Immunodiffusion and Progeny 
Tests for Detection of SIW 
The reliability of SPRIA for detecting SMV in soybean 
seedlings was compared with progeny and immunodiffusion 
tests, both of which are commonly used for establishing 
transmission rates of seed-borne viruses. Seeds harvested 
from mechanically inoculated Corsoy plants were germinated 
and examined for symptom expression on two inspection dates. 
Extracts of leaves from selected germinated seedlings were 
also tested serologically for virus by SPRIA and immuno­
diffusion. Results are presented in Table 8. 
Of 75 seedlings selected for further testing, 40 were 
originally indexed as infected on the basis of symptom 
122a 
Table 8. Comparison of SPRIA, immunodiffusion and progeny 
tests for detecting SMV in soybean seedlings 
Number plants Percent infection 
Test indexed in plants 
as infected tested 
Progeny symptoms 40/75 53 
Immunodiffusion 41/75 55 
SPRIA 31/75 41 
expression. Visual assessment was, however, quite subjective 
since symptoms were often not definitive. When seedlings 
were serologically assayed after harvesting, 14 of the 25 
which initially indexed negative on the basis of symptom 
expression also failed to react in both immunodiffusion 
and SPRIA. Three of the remaining 11 seedlings were posi­
tive by both serological tests and an additional 8 by 
immunodiffusion only. Reassay of these 8 plants by SPRIA 
again yielded negative results. Of 30 seedlings initially 
assessed as infected, 24 gave positive reactions in both 
serological assays. An additional 3 seedlings gave a 
positive test by immunodiffusion only and a fourth by SPRIA. 
Of the 20 seedlings which developed questionable symptoms, 
viral antigen was serologically detected in 3 by either 
immunodiffusion and/or SPRIA. 
A positive correlation was observed between immuno-
122b 
diffusion and SPRIA. Both were more objective in defining 
seedling infection status than symptom assessment. Twelve 
plants displaying no visible symptoms contained viral 
antigen detectable by either one or both serological 
assays. The apparent greater sensitivity of immuno­
diffusion for detecting virus in seedling extracts was 
surprising. The only possible explanation lies in the fact 
that extracts for the two assays were prepared separately, 
often from different leaves on the seedling. SPRIA results 
for discs punched from a single leaf suggested a very un­
even distribution of viral antigen within the leaf. A 
4 to 5-fold variation in bound activity occurred with 
several leaf samples. With tissue from healthy seedlings, 
a relatively constant level of background activity was 
bound. 
Although virus antigen could be detected in leaf 
extracts by immunodiffusion, dense background reactions 
preempted its use for seed extracts. Very diffuse opaque 
zones surrounded the wells containing extracts, obscuring 
any positive reactions that may have occurred. 
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Virus Content of Seeds 
Virus antigen content of infected seeds was determined 
by linear interpolation from a standard curve which related 
ng virus to cpm bound established concurrently with each 
assay. A background level of 40 cpm was calculated for 
healthy Williams soybean seeds. Raw data cpm for seeds 
from a lot showing 54% infection were, therefore, adjusted 
for background binding. Virus content was then determined 
by interpolation from the standard curve. From the 
standard curve, a 0 ng level of SMV corresponded to a count 
rate of 41 cpm. Any seed with an adjusted count rate below 
this cut-off point was, therefore, considered to be free of 
virus and thus excluded in the analysis of mean virus 
content of seeds. A frequency distribution plot for 
SPRIA of individual seed extracts is presented in Figure 
21. Although the average virus content of an infected 
seed was calculated to be 474 ng, considerable variation 
in content was apparent. Although all of these seeds were 
mottled, over 45% contained no detectable virus antigen, 
thus, demonstrating the unreliability of seed coat mottling 
for virus indexing. 
Figure 21. Frequency distribution of virus antigen content of individual 
soybean seed halves as determined by SPRIA (Arrow indicates 
sensitivity limit of 25 ng for the assay). 
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Sensitivity of SPRIA and ELISA for 
Detecting SMV in Seeds 
Artificially contrived mixtures of infected seed 
halves homogenized with 100 healthy seeds were used to 
evaluate the sensitivity of SPRIA and ELISA for detecting 
SMV in seeds (Table 9). With SPRIA, the equivalent of a 
5% infection level could be distinguished from background 
reactions while ELISA could detect a 1% level of infection, 
These levels represented approximately 4500 and 2100 total 
ng of SMV in the samples. 
Table 9. Sensitivity of SPRIA and ELISA for detecting 
infected seeds homogenized with healthy seeds 
Sample size^ cpm^ 
0 infected seed + 100 healthy seeds 45 .03 
1 infected seed + 100 healthy seeds 5 3 .06 
5 infected seeds + 100 healthy seeds 105 .15 
10 infected seeds + 100 healthy seeds 141 .51 
^Infected seed mixed with healthy seed and ground in 
100 ml buffer. 
^Mean of duplicate samples. 
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Correlation of Percent Seed Infection with 
Level of Infection of Parent Plant 
Seeds harvested from greenhouse-ground Amsoy '71 
soybean plants with various levels of infection (based on 
the percentage of plants inoculated) were assayed by SPRIA 
to correlate seed infection levels with percentage of in­
fected parent plants. Results (average of 4 replications) 
are presented in Table 10. 
Table 10. Correlation of seed infection as established by 
SPRIA with percentage of parent plant infection 
% of 80 
plants 
inoculated 
with SMV 
Total 
ng SIIV 
per 100 
seeds 
% seeds 
containing 
virus 
antigen 
0 2650^ 5.6 
5 1325 2.8 
10 2025 4.3 
20 6575 13.9 
30 2550 5.1 
40 22700 47.6 
60 14250 30.1 
80 33450 70.6 
100 33425 70.5 
^% = total ng virus in 100 seeds/474 ng virus/seed 
X 100. 
^Data are the mean values from 4 replicate experiments. 
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Mean values of percent seed infection are related to 
percent of plants infected by the equation: 
y = 0.7442% - 0.6957 
where 
y = % plants infected 
X = % seeds containing virus antigen 
By regression analysis, r = 0.9187. 
Assessment of Soybean Cultivars for Potential 
Rates of Seed Transmission 
Fifteen soybean cultivars representing maturity groups 
I, II, III and IV were inoculated with SMV at either growth 
stage VI or R2 in a field study conducted by Dr. J. H. Hill 
at the Curtiss Experiment Farm near Ames, Iowa. The amount 
of virus antigen in seeds harvested from each treatment 
was determined by SPRIA and/or ELISA as described earlier 
(Table 11). A significant variation was noted in virus 
antigen content of seeds produced by different soybean 
cultivars. Seeds from cultivar Marshall, which is immune to 
SMV 75-16-1 (180), contained no detectable SMV antigen while 
seeds from cultivars Clark '53 and Calland contained very 
high levels of virus antigen. Cultivars producing seeds 
with intermediate levels of virus antigen included Steele, 
Hark, Hodgson, Beeson, Williams, Wells, Amsoy '71, and 
Table 11. SMV antigen content in seed samples from soybean plants inoculated at growth stages 
VI and R2 
Uninoculated^ N1 R2 
a uri Y u ivar sMV Percent ng SMV Percent ng SMV Percent 
group antigen infected antigen infected antigen infected 
seed seed seed 
I Steele 2650 5.6 11950 25.2 7600 16.0 
I Hark 5750 12.1 11075 23.3 6300 13.3 
I Hodgson 1650 3.5 4425 9.3 20425 43.0 
II Wells 8250 16.7 8875 18.7 18125 38.2 
II Corsoy 7925 16.7 3125 6.6 . 5100 10.7 
II Amsoy '71 5500 11.6 17575 37.0 9175 19.3 
II Marshall 0 0 0 0 0 0 
II Hurcor 4825 10.1 13650 28.7 13700 28.8 
II Beeson 3925 8.2 8875 18.7 11000 23.2 
III Wayne 2075 4.4 4450 9.3 5150 10.8 
III Woodworth 0 9 4625 9.7 1750 3.7 
III Calland 7975 16.8 10900 22.9 20500 43.2 
III Williams 1825 3.8 11775 24.8 9650 20.3 
IV Cutler '71 2250 4.7 5050 10.6 4425 9.3 
IV Clark '63 1600 3.3 36550 71.7 13300 27.7 
Mean 3746 7.8 10025 21.1 9747 20.5 
SD 5 .9  17.1 13.5 
^Data are mean values of 4 replicates conducted over 2 years. 
'^Percent infected seed = total ng SMV antigen in 100 seeds/474 ng/seed x 100. 
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Harcor. Relatively low amounts of virus antigen were found 
in seeds harvested from the cultivars Corsoy, Wayne, Wood-
worth and Cutler '71. 
Antigen content of seeds from inoculated plants was 
significantly higher than that from uninoculated plants. 
The fact that virus antigen was detected in control plants 
suggests spread by aphids from row to row. Early and late 
inoculation treatments, however, failed to show any major 
differences in antigen content of seeds. 
Comparison of SPRIA and ELISA for Batch 
Seed Analysis 
Seeds harvested from the 1978 field studies on yield 
reduction were batch analyzed for virus by SPRIA and ELISA. 
Of 90 seed batches tested, 40 indexed positive and 16 
indexed negative by both SPRIA and ELISA. Of the remaining 
34, 31 were positive by SPRIA only and 3 were positive by 
ELISA only. In general, the estimation of percent infected 
seed was 2 to 3 times higher by SPRIA than by ELISA. Al­
though plants were inoculated with SMV 75-16-1, the 
possibility of the presence of strains of SMV introduced by 
aphid vectors cannot be excluded. If so, the discrepancy 
in SPRIA and ELISA results could be explained by the greater 
capacity of SPRIA for heterologous detection of other strains 
of SI-IV. 
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Aphid Tests 
Virus could be detected in aphids fed on SîW-infected 
leaves, but only if large numbers of aphids were used. 
Although a bulk extract prepared from 65 aphids gave a 
higher SPRIA activity than controls, counts were rela­
tively low (78 cpm and 41 cpm, respectively). Larger 
samples were not tested. 
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DISCUSSION 
The transmission of soybean mosaic virus (SMV) through 
seed is, by far, the most important factor contributing to 
its present world-wide distribution. It also presents the 
most feasible route by which control of the disease can be 
achieved, provided that adequate assessment of seed infection 
can be made. With reliable tests for virus detection, esti­
mations of the virus content of seed lots should provide 
seed producers a means for assessing the advisability of 
distributing infected seed into the commercial market. 
The quantitative potential offered by recently developed 
immunoassays using isotopic- or enzyme-labelled reagents 
suggested their applicability for seed testing. A direct 
sandwich solid-phase radioimmunoassay was subsequently 
developed for detection of SMV in seeds. The choice of a 
macro-solid-phase system was based on the ease with 
which the carrier can be efficiently rinsed and transferred 
from one reactant to the next without the need for multiple 
centrifugation or filtration steps as in soluble or micro-
particulate solid-phase systems. Sandwich technology, in 
which reactants are sequentially layered onto the solid-
phase, was possible due to the polyvalent nature of SMV 
which allows it to simultaneously combine with many antibody 
molecules. Virus thus acts as an immunological bridge 
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between antibody adsorbed to the surface of the solid phase 
and labelled antibody in solution. The sequential attach­
ment of these three molecular components yields the immune 
sandwich complex, with labelled antibody serving as an indi­
cator to quantitate variations in previously bound reactants. 
Critical to the development of a sensitive immuno­
assay is the choice of a satisfactory label as well as 
purity of the compound to be labelled. The latter is 
especially important from the standpoint of reduction of 
nonspecificity and conservation of the amount of label 
necessary. In preliminary studies, the crude gamma 
globulin fraction of hyperimmune serum was labelled with ^H. 
Nonspecific reactions proved to be such a problem, however, 
that virus-containing samples could not be distinguished 
from virus-free samples. To circumvent this problem, virus-
specific IgG was isolated by acid dissociation of virus-
antibody complexes. The smaller sedimentation constant of 
rabbit IgG (7S) with respect to that of SMV (143S) permitted 
the dissociated entities to be separated by density gradient 
centrifugation, a procedure which has been used to prepare 
highly monospecific IgG to both plant viruses (97, 162, 
185, 239, 337) and animal viruses (63, 172). Isolation of 
anti-SMV IgG was possible, however, only under carefully 
defined biophysical conditions. When immune complexes were 
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acidified in the presence of 0.85% NaCl, rapid degradation 
of SMV occurred such that virus protein subunits co-
sedimented with antibody protein in the gradients. Al­
though salt-induced precipitation or disruption of SMV 
has been reported previously (108), its deleterious effect 
seemed to be enhanced by acidic conditions. By combining 
a pH of 3 for dissociation with gradients and resuspension 
buffers devoid of salt, virus integrity was maintained, 
and antibody could be separated from intact virus. Anti-
SMV antibody isolated in this manner was electrophoretically 
pure and serologically and biophysically identical to normal 
rabbit IgG. 
Although iodine or is generally the iso­
tope of choice for radioimmunoassays, tritium (^H) was 
selected as the labelling nuclide for anti-SMV IgG. Unlike • 
iodination, which often alters biological and physicochemical 
properties of proteins and gives products with short half-
lives, tritiation yields labelled reagents that can be 
stored for long periods without significant losses in 
specific activity (37, 145, 267, 268). This characteristic 
is more desirable for long-term experimental studies with 
the same labelled preparation since quality control is more 
consistent. In addition, since is a beta rather than a 
gamma emitter, fewer precautions are needed for its use. 
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Unfortunately, the specific activity that can be achieved 
with is relatively low compared to that possible with 
or Because of its longer half-life, 100 atoms 
of for example, are needed to provide the same number 
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of counts as can be obtained from 1 atom of I. A 
second disadvantage involves the greater instability of 
with respect to stable hydrogen atoms. During storage, 
tritiated compounds tend to lose their label through ex­
change with environmental hydrogen. Sanborn (257), for 
example, noted a 73% loss of activity from ^H-antibody 
during a 1.5 year storage with only 5% of this loss 
attributable to decay. Although this may appear to be a 
major limitation, the same loss with and from 
decay alone, could be expected to occur in 12 and 90 days, 
respectively (267). 
Incorporation of into anti-viral IgG was mediated 
by the sodium borohydride exchange reaction, a fast rela­
tively gentle reaction that proceeds at physiological 
conditions of pH, temperature and ionic strength (243). 
This procedure yielded a labelled product with sufficiently 
high specific activity to be useful in the development of a 
radioimmunoassay. Radioimmuneprecipitation and micro-
precipitin tests indicated little if any effect on either 
immunoreactivity or immunospecificity of IgG. Furthermore, 
it was indistinguishable from native IgG by gel filtration. 
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polyacrylamide gel electrophoresis and immunodiffusion. 
Full immunoreactivity was retained for at least 1 year 
even though nearly 58% of the radioactivity was lost. 
3 These observations suggested that H would be a satis­
factory label of antibody for virus detection in a 
solid-phase radioimmunoassay system. 
Although the theoretical basis of such solid-phase 
immunoassays is simple, optimal specifications for their 
use in routine diagnostic tests are necessary. A rather 
detailed study of solid-phase kinetics was therefore 
initiated to evaluate optimal conditions for sequential 
addition of reactants in the assay. 
Spherical polystyrene beads, which have been used in 
immunoassays for a number of animal viruses (5, 139, 140, 
141, 142, 143, 195, 196), a plant virus (125) and bacteria 
(72), were chosen as the solid-phase for several reasons. 
They can be obtained with very uniform diameters and conse­
quently uniform surface areas. The numerous surface pits 
and grooves observed in scanning electron micrographs 
(.142) greatly increases the bead's surface area and conse­
quently sites for adsorption. Because of their spherical 
shape, they contact the reactant vessel at only one point. 
Total immersion of the beads in very small volumes of the 
reagent solutions is thus possible. When beads are totally 
immersed, highly uniform and reproducible surface areas are 
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exposed to the reagents. For these reasons, spherical beads 
have been reported to give very reproducible and precise 
results in both radioimmunoassay and enzyme-linked immuno­
sorbent assay (287). With microtiter plate wells or test 
tubes as the solid-phase, variations in surface areas 
exposed to reagents are inevitable since during delivery 
of reactants or movement of vessels, slight splashing or 
sloshing may occur. Precision is thus difficult to obtain 
since reagents may adsorb to various heights on the vessel 
surfaces. Reproducibly low background levels are generally 
seen with polystyrene beads since they can be easily removed 
from each reagent for efficient washing. Ziola and co­
workers (340, 341), for example, found that nonspecific 
adsorption levels of labelled human serum albumin never 
exceeded 1.5%. They attributed this to simple and efficient 
removal of labelled antigen, plus ready transfer of beads to 
clean tubes prior to counting. The ease of manipulation of 
beads together with minimal space requirements for storage 
also offer distinct advantages over the use of microtiter 
plates and tubes. Large lots of sensitized beads can be 
prepared simultaneously and stored for later use, mini­
mizing possible technical errors. The exact number of beads 
required for a given assay can subsequently be removed from 
storage as needed. The major disadvantage to the use of 
beads in immunoassays is the need for individual transfer 
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from one reactant to the next. This problem has been 
circumvented through use of various types of ferromagnetic 
beads which can be simultaneously transferred and manipulated 
with magnetic probes (101, 270, 287). A system of this nature 
could prove useful in future efforts geared toward auto­
mation. 
Beads were easily sensitized with antibody by passive 
adsorption. Since hydrophobic bonds are thought to be 
responsible for adsorption of proteins to plastic surfaces 
(339), optimum coating conditions must take into considera­
tion such factors as pK, ionic strength, temperature, time 
and protein concentration. Once these parameters are de­
fined and adhered to, it should be possible to achieve 
regular and reproducible coating with the sensitizing 
agent with only minimal nonspecific uptake of subsequent 
reagents. 
The initial concentration of coating protein is im­
portant from the standpoint of optimizing sensitivity since 
during adsorption, an equilibrium is established between 
protein bound and that in solution. However, simply in­
creasing the amount of adsorbed protein does not necessarily 
lead to an increase in assay sensitivity. This is 
particularly true if the coating protein is IgG, since the 
antigen to be bound in the second incubation must have room 
to attach to the binding sites of the solid-phase IgG (339). 
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Although the greatest amount of protein is adsorbed at higher 
input concentrations, the percent of input protein adsorbed 
is greatest at lower protein concentrations (95, 113, 164, 
220, 323). Where adsorption is desired and conservation 
of reagents is important, little is gained by using high 
concentrations of antibody since only a limited amount is 
adsorbed. Furthermore, since adsorption is not irreversible, 
spontaneous elution of antibody is more apt to occur at high 
coating concentrations (79, 113, 336). Test antigen may 
thus preferentially combine with desorbed antibody, 
resulting in reduced uptake of antigen by the solid-phase 
and a falsely low quantitation. 
When the effect of coating concentration was considered, 
maximum binding activity was obtained with beads incubated 
in an antibody solution containing 50 yg of protein/ml. 
Higher concentrations did not significantly enhance sensi­
tivity while lower concentrations resulted in slightly lower 
binding activity. By substituting the same level of 
IgG for unlabelled coating antibody, it was determined that 
less than 0.1 ug of protein was actually bound to a bead. 
This compared favorably with earlier reports (95, 339) that 
6.4 mm beads could adsorb approximately 1 ug of protein. 
It also suggested the potential for repeated use and thus 
conservation of coating solutions. Subsequent studies 
showed that the coating solution could be used at least 3 
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times without significant reductions in coating efficiency. 
Adsorption of antibody to polystyrene is random and 
not specific for a certain portion of the molecule (42). 
Consequently, the Fc portion will be directed away from the 
bead surface when the Fab site is bound and vice versa. Some 
effort was therefore directed toward improving assay sensi­
tivity by precoating beads with protein A from Staphylococcus 
aureus. Under such conditions, all antibody molecules would 
be oriented with their Fab sites opposing the bead surface 
and their Fc region attached to the protein A coat. These 
studies were abandoned, however, when nonspecific reactions 
proved to be a serious problem. 
Adsorption of protein to polystyrene surfaces is 
apparently a nonspecific phenomenon (14, 220, 251, 340, 342) 
with proteins in a coating solution competing for potential 
binding sites on the plastic. Binding capacity may thus 
be influenced by the presence of extraneous serum proteins 
if unfractionated antiserum is used for coating or by the 
inclusion of proteins into the coating buffer. This may 
be a serious problem when serum contains a very low titer 
of virus-specific antibodies. By using protein-free buffer 
as the coating diluent and purified anti-viral IgG, compe­
tition among mixed proteins for available sites on the solid-
phase was avoided. It was advantageous, however, to 
141 
incorporate protein (ovalbumin) and Tween-20, a wetting 
agent (307), into all subsequent rinse and reagent buffers 
(with the exception of sample buffer) to minimize non­
specific binding of additional reactants to the bead 
surface. 
Saturation of available binding sites on polystyrene 
surfaces occurs rather rapidly (3 hours or less) as indi­
cated in a kinetic study where beads were incubated in a 
saturating level of ^H-IgG. In further studies, beads 
coated for 1, 4.5 or 20 hours, demonstrated similar binding 
capacities in assays for SÎ4V. Since prolonged adsorption 
may give more uniform coating, an overnight incubation was 
chosen. Adsorption was routinely carried out at room 
temperature. It is probable that coating could be achieved 
more rapidly at higher temperatures since this would in­
crease the rate of diffusion and therefore, the probability 
of contact between protein molecules and the bead surfaces 
within a given period of time. 
Although hydrophobic interactions are supposedly pro­
moted when the net charge of a molecule is zero (339), 
buffer pH and composition had little effect. Binding 
activities were similar for beads coated in IgG diluted in 
an alkaline carbonate buffer (where IgG should have no 
charge) or in phosphate or borate buffers near neutrality. 
Once the solid-phase is sensitized with antibody, its 
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storage must be considered if preparation is not done for 
each experiment. Temperatures of 4C (339), -20C (155, 334) 
25C (264) have proved suitable for extended storage. Anti­
body-coated beads in this study were routinely air-dried 
after adsorption and stored at 4C. This permitted prepara­
tion and storage of batches of sensitized beads in bulk. 
Drying apparently had no effect on binding capacity of the 
beads. Some investigators, however, have found it necessary 
to keep coated beads moist for assay reproducibility and 
retention of binding activity (340). The fact that poly­
styrene beads can be sensitized with antibody and dried 
offers a practical approach to the development of a 
diagnostic test kit for plant virus detection. Beads and 
appropriate buffers could be prepared and distributed by a 
central research center to cooperative regional stations 
where test samples could be added. Following incubation and 
rinsing, beads could be returned to the research center for 
addition of labelled antibody and test completion. Such a 
cooperative effort would give small regional laboratories 
lacking facilities for virus detection access to more 
sophisticated diagnostic technology. This practice has, in 
fact, been instigated in South Carolina for detection of a 
number of forage crop plant viruses by ELISA (190). 
Assuming a satisfactory stable solid-phase can be 
prepared, the development of a suitable assay protocol 
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must next take into consideration various parameters which 
affect binding of antigen to immobilized antibody and the 
subsequent detection of this complex. For the SMV immuno­
assay, maximal binding of antigen occurred when sensitized 
beads were incubated with virus for 20 hours at room 
temperature on a shaker. During this interval, antigen was 
slowly depleted from the sample. This is reflected in the 
time curve (Figure 12) along with saturation of available 
reactive sites on the adsorbed antibody. It is possible 
that a more pronounced leveling off of the curve may have 
occurred during the interval between 4 and 20 hours. How­
ever, binding activities at times during this interval were 
not tested. 
Stoichiometric relationships between virus concentra­
tion and bound activity were obtained only with buffers or 
tissue extracts that minimized virus aggregation. For 
purified virus, 0.05 M borate, pH 7.2, containing 0.5% 
(NaPOg)^] sufficed, as did healthy seed extract prepared in 
borate buffer alone. Extraction and dilution of infected 
seeds in borate resulted in binding curves similar to 
those obtained with purified virus. Extraction of leaf 
tissue in borate also gave adequate virus detection by 
SPRIA. Similar studies by Hill and his associates (117), 
however, showed that for ELISA, virus was best detected in 
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leaf extracts prepared in PBS-Tween. Apparently borate 
extracts contain some product from leaves but not seeds 
which inhibits the enzyme reaction either indirectly by 
binding to unblocked sites on immunologic reactants on the 
solid phase or directly by binding to or near the enzyme 
active site. 
For detection of bound antigen, choice of an optimal 
level of labelled antibody is critical since either an 
insufficient or excessive amount will impair assay sensi­
tivity. Generally, for radioimmunoassays, an amount of 
labelled reagent equivalent to a specific radioactivity 
content is arbitrarily chosen. Hutchinson and Ziegler (130), 
however, showed that this is a poor criterion. When they 
plotted ratios of activity bound in the presence and 
absence of test sample versus cpm added for different lots 
of labelled antibody, the amount of radioactivity yielding 
the maximum ratio was different for each lot. However, 
when they plotted ratios against protein concentration, the 
maximum ratio for each lot was obtained at the same protein 
concentration. Therefore, an initial determination of 
optimal protein concentration of a labelled lot should be 
valid for subsequent labelled lots. For the SMV assay, 
as concentration of ^H-anti-SMV was varied, the amount of 
activity bound in both the presence and absence of virus 
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increased as the amount of labelled antibody increased until 
saturating levels were reached. The ratio of activity bound 
in the presence and absence of virus, however, reached a 
maximum at protein concentrations of 1 to 5 yg. 
Binding activity as a function of incubation condi­
tions with ^H-IgG followed a curve very similar to that 
seen with antigen incubation with the exception that 
clearly defined saturating levels were reached as antigenic 
sites were filled with labelled antibody. Virus could be 
detected even with a 30 minute incubation with ^H-IgG, 
but activity increased significantly with longer incubation 
periods. The effect of temperature was more pronounced with 
low temperature incubation causing a dramatic reduction in 
binding activity. Apparently the combination of room 
temperature incubation with shaking allowed greater chance 
of contact between labelled molecules and the solid-phase 
bound antibody-virus complex. 
After standardization of the aforementioned parameters 
and protocol, the immunoassay described was subjected to 
tests for sensitivity, specificity and ability to detect 
virus in extracts of plant tissue, particularly seeds. 
Purified SIW was detectable at levels as low as 25 to 50 
ng/ml by SPRIA. Substitution of comparable levels of 
alkaline phosphatase-labelled IgG for the ^H-IgG in an 
ELISA modification of the SPRIA protocol allowed the 
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detection of even lower concentrations (5 to 10 ng/ml) of 
virus. The two assays showed a highly positive level of 
correlation, indicating that they detect essentially the 
same antigenic sites. The minimum level of SMV detected by 
the bead ELISA compared favorably with the 2.5 ng/ml sensi­
tivity level reported by Hill and his associates (117) for 
the plate ELISA and far surpassed the 260 ng/ml level 
that Lister (173) obtained. 
The relationship between virus concentration and either 
cpm bound (for SPRIA) or absorbance (for ELISA) was sigmoidal 
in general and stoichiometric between 250 and 1000 ng/ml, 
providing that virus aggregation was minimized. Achieving 
an absolute linear relationship between these two parameters 
is often a problem in solid-phase immunoassays with flexuous 
rod viruses due to their tendency to aggregate (94, 117), 
The sigmoidal nature of the binding curve reflects the limi­
tations of the solid-phase system at high antigen concen­
trations. Where virus content of a sample is high, the 
amount of antibody on the bead surface becomes a limiting 
factor. As available antibody sites are filled, the 
binding curve plateaus. Leveling out of the curve at low 
antigen concentrations, on the other hand, establishes 
the minimum sensitivity level of the system since labelled 
antibody must find and attach to very sparsely distributed 
antigen on the bead surface. 
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The SPRIA system showed narrow virus specificity but 
broad strain reactivity. The fact that strains of SMV 
other than the homologous one used for assay development 
could be detected suggests the usefulness of SPRIA for 
field studies where multiple virus strains may be encountered. 
The specificity of the bead ELISA was not determined. How­
ever, recent studies have shown strain selectivity to be a 
problem with some plant virus ELISA systems (61, 151, 153). 
Apparently, conjugation of antibody with enzyme reduces 
antibody reactivity, particularly with heterologous strains. 
Such enhanced strain specificity is thought to be due to 
conformational changes in the antibody-combining site which 
decrease its affinity to the point that weaker heterologous 
reactions are either eliminated or so unstable that they 
dissociate easily (61, 151, 153). Several studies have, 
indeed, confirmed that strain specificity is dictated by 
behavior of the free phase or conjugate and not the solid 
phase (.13, 94, 306) . Unfortunately, this limits the use­
fulness of ELISA for field detection of certain viruses. 
It poses a particular problem with viruses that are diffi­
cult to purify in sufficient quantity to produce sera since 
a series of sera must be used to detect different serotypes. 
Since SPRIA is a serological test, it detects viral 
antigen which includes both infective and nonviable virus. 
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Therefore, a comparison was made between serological 
results and symptom expression to determine the reliability 
of SPRIA for assessing viral infection. In these tests, 
leaf extracts from Corsoy seedlings were indexed by SPRIA 
and immunodiffusion. Serological results showed reason­
ably good correlation with infectivity. Visual assessment 
of infection was quite subjective and unreliable due to the 
investigator's inexperience in disease diagnosis. For 
example, 12 plants displaying no visible symptoms con­
tained serologically detectable virus antigen, while 2 
seedlings diagnosed as definitely infected contained no 
antigen. 
When SPRIA was carried out on mottled Williams seed 
which exhibited a 70 percent virus transmission rate 
based on growing-out tests, only 55 percent were found to 
contain detectable levels of virus antigen. These dis­
crepancies again are not surprising due to the subjective 
nature of indexing by progeny symptoms. Local lesion in­
fectivity assays of seed extracts on Phaseolus vulgaris 
cv. Topcrop were not attempted since other investigators 
have found the test unreliable due to low and variable 
virus content in seeds (173). 
Individual seed analysis by either SPRIA or ELISA 
indicated a rather wide variation in virus content of soybean 
seeds, a finding similar to that reported by Lister (173). 
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Although the majority of seeds contained 100 to 200 ng of 
viral antigen, the average content was 474 ng, reflecting 
very high virus content in some seeds. Presence of viral 
antigen was not linked to mottling in this cultivar since 
all seeds chosen for analysis were mottled yet over 45 
percent contained no detectable virus antigen. The lack 
of correlation between seed coat mottling and virus presence 
confirms the unreliability of this trait for virus indexing. 
With artificially contrived mixtures of infected and 
healthy seeds, the equivalent of 5 and 1 percent infection 
levels could be detected by SPRIA and ELISA, respectively. 
The sensitivity of the bead immunoassay, therefore, compares 
favorably with the 2 to 4 percent infection level reported 
with the microplate ELISA system (173). Unfortunately, 
under circumstances where very low levels of seed infection 
occur, the usefulness of these assays would be questionable. 
An important criterion of a good indexing method is 
satisfied if laboratory determined levels of virus in 
seeds correlate with field performance of the seeds. Results 
with SPRIA suggest that this objective can be met. A posi­
tive correlation (r = .9187) was obtained between the level 
of parental infection (based on symptom expression) and per­
cent seed infection as established by SPRIA analysis of 
seeds for virus presence. In tests where a high percentage 
of parental plants were inoculated with SMV, a correspondingly 
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high percentage of seeds produced were found to contain 
viral antigen. The inconsistencies that are apparent 
probably result from variations in disease severity of 
individual plants and virus content of progeny seeds. 
Extension of the immunoassays to seed batches from 
field plants of several cultivars showed significant dif­
ferences in virus content of seeds with respect to cultivar. 
Seeds produced by the cultivar Marshall, for example, which 
is immune to the strain of SMV used in this study, contained 
no detectable viral antigen. Highly susceptible cultivars, 
however, such as Clark '63 and Calland, produced seeds 
which contained very high levels of antigen. Intermediate 
and low antigen contents could also be easily distinguished. 
This capacity to recognize differences in health among 
samples is an important and desirable characteristic of an 
assay since it may facilitate detection of degrees of 
resistance. Providing a true correlation exists between 
virus content of seeds and resistance, solid-phase immun-
assays could be useful tools for comparing virus content 
of seeds in breeding programs for resistance to infection 
(.173) . 
Results of these studies suggest that solid-phase 
immunoassays, including SPRIA and ELISA, have great po­
tential in seed health testing programs for SMV or any 
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other seed-borne pathogen to which a specific antiserum can 
be produced. They are simple, relatively cheap, and 
specifically recognize the agent in question. Furthermore, 
their capacity for quantitation permits distinction among 
pathogen-free, slightly and severely infected samples. By 
providing quantitative measures of a given agent in a seed 
lot, such tests may provide seed producers information 
necessary for assessing the advisability of distributing 
infected seed into the commercial market. This should 
prove to be an important step in surveillance of the move­
ment of SMV and other similar seed-borne pathogens and ulti­
mately in limiting their spread. 
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APPENDIX 
Buffers and Reagents for SPRIA and ELISA 
0.05 M sodium carbonate-bicarbonate, pH 9.6 
1.59 g NagCOg 
2.93 g NaHCOg 
0.2 g NaNg 
distilled deionized HgO to 1 liter 
Store at 4C 
0.02 M phosphate buffered saline, pH 7.3 (PBS) 
8.0 g NaCl 
0.2 g KHgPO^ 
2.2 g NagHPO^'THgO 
0.2 g KCl 
0.2 g NaNg 
distilled deionized H^O to 1 liter 
Store at 4C 
PBS-Tween 
0.5 ml Tween-20/liter PBS 
Store at 4C 
PBS-Tween-ovalbumin 
0.02% (w/v) grade II crude ovalbumin powder 
PBS-Tween 
Store at 4C 
189 
PBS-Tween-PVP-ovalbvimin 
2.0% polyvinylpyrollidone, molecular weight 
40,000, (w/v) in PBS-Tween-ovalbumin 
Store at 4C 
Substrate buffer for ELISA 
97 ml diethanolamine 
800 ml distilled deionized 
pH to 9.6 with HCl 
distilled deionized HgO to 1 liter 
Store in dark bottle at 4C 
Buffers and Reagents for Electrophoresis 
Tray buffer 
7.8 g NaHgPO^.HgO 
38.0 g Na2HPO^r7H20 
4.0 g SDS 
per 1 liter distilled deionized HgO 
Acrylamide stock solution 
22.2 g acrylamide 
0.6 g methylene bisacrylamide 
per 100 ml distilled deionized HgO 
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Gel preparation 
Mix 7.5 ml undiluted tray buffer with 10.2 ml H^O and 
add to 10.8 ml acrylamide. Add 1.5 ml freshly prepared 
NH.SOg (15 mg/ml) and 0.045 ml TEMED (N,N,N'-tetra-
methylethylenediamine) and mix. Cast gels in 7.5 cm 
electrophoresis tubes (precoated with 0.5% Photo-Flow 
200 and oven-dried) to within 2 cm of top and overlay 
with H2O until polymerized. 
Sample preparation 
Add sufficient 0.04 M sodium phosphate, pH 7.2, con­
taining 4% SDS and 4% 2-mercaptoethanol to 40-60 /ig 
of protein to yield a final concentration of 0.01 M 
sodium phosphate, 1% SDS and 1% 2-mercaptoethanol. 
Heat sample 1 minute in boiling water bath after 
capping. Add 1 drop 0.05% bromphenol blue tracking 
dye in 0.01 M sodium phosphate containing 1% SDS and 
1% 2-mercaptoethanol and 1 drop glycerol. 
Electrophoretig run 
Remove H^O from gels. Place into electrophoretic 
chamber and cover with buffer. Layer samples onto 
gels under buffer and electrophorese at 8 mA/gel 
until tracking dye nears gel bottom. Extrude gels 
and stain overnight at room temperature in 0.05% 
amido blue black in 15% (v/v) acetic acid - 50% (v/v) 
ethanol. Destain 1 hour in 7%'(v/v) acetic acid. 
Transfer to 7% (v/v) acetic acid - 50% (v/v) ethanol 
until protein bands are visible. Continue destaining 
in 7% (v/v) acetic acid - 25% (v/v) ethanol until all 
background stain is removed. 
